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ABSTRACT 


Microscopy  methods  in  the  scanning  and  transmission  electron  microscopes  have 
been  employed  to  assess  microstructures  developed  by  deformation  processing  of 
selected  face  centered  cubic  (FCC)  materials.  Grain  maps  constructed  from  orientation 
data  and  analysis  of  transmission  data  illustrate  the  presence  of  fine  grains  and 
defonnation  bands  in  which  the  lattice  orientation  contains  symmetric  variants  of  a 
texture  component.  A  banded,  deformation  microstructure  is  present  to  various  degrees  in 
FCC  material  systems  irrespective  of  processing  and  material  composition.  The  specific 
components  of  the  defonnation  bands  were  observed  to  vary  depending  upon  processing 
conditions  of  the  material  and  the  specific  material.  Single  component  and  entire 
deformation  textures  from  shear  and  plane  strain,  were  both  observed.  The  high-angle 
(40°-62.8°)  interfaces  or  boundaries  in  the  microstructure  evolve  from  the  interfaces 
between  the  bands  while  the  lower-angle  (2°-15°)  boundaries  tend  to  separate  cells  within 
the  bands.  Models  of  microstructural  development  that  include  deformation  banding 
during  cold  working  may  be  employed  to  describe  both  texture  development  and  the 
origin  of  the  high-angle  grain  boundaries. 
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I.  INTRODUCTION 


A.  HISTORY  OF  DEFORMATION  PROCESSING 

Throughout  history  the  ability  of  metals  to  sustain  plastic  defonnation  has  been 
put  to  use  in  the  shaping  of  metallic  materials  and  production  of  useful  implements  [Ref. 
1],  It  has  also  been  long  understood  that  plastic  defonnation  strengthens  metals,  and  that 
incorporating  annealing  treatments  to  soften  the  material  during  shaping  processes  may 
afford  further  control  of  both  the  process  and  the  resulting  material  properties.  For  most 
of  this  history  the  mechanisms  involved  during  defonnation  and  annealing  were  not 
known  and  understanding  of  these  processes  was  entirely  empirical  [Ref.  2].  The 
application  of  various  microscopy  techniques  and  X-ray  diffraction  methods  [Refs.  3-6] 
to  the  study  of  microstructure  in  metallic  materials  has  revealed  the  polycrystalline  nature 
of  most  metallic  materials.  Deformation  at  low  temperature  results  in  distortion  of  the 
grain  structure  as  dislocations  are  generated,  move  and  become  immobilized.  This 
constitutes  strain  hardening  and  results  in  energy  storage  in  the  form  of  dislocation 
arrays.  Annealing  may  result  in  recovery,  i.e.,  softening  associated  with  dislocation 
rearrangement,  or  in  the  formation  and  growth  of  new,  strain  free  grains,  i.e. 
recrystallization,  within  the  microstructure  [Ref.  7].  Thus,  deformation  and  annealing 
treatments  may  allow  control  of  the  grain  structure  and  grain  size  of  metals.  It  is 
recognized  that  the  study  of  defonnation  microstructures  has  encompassed  an  immense 
body  of  work  prior  to  the  1980's.  A  selective  review  of  recent  research  pertaining  to  the 
deformation  features  and  mechanisms  relevant  to  this  study  will  be  provided. 

Grain  size  is  an  important  factor  in  the  mechanical  properties  of  materials. 
Generally,  refinement  of  the  grain  size  results  in  improvements  in  both  strength  and 
toughness  of  metals  [Refs.  8-9].  In  alloys  of  metals  such  as  iron  and  titanium  the  phase 
transfonnations  that  occur  during  cooling  provide  a  significant  degree  of  grain  size 
control.  In  many  other  metals,  such  as  aluminum,  nickel  and  copper,  grain  size 
refinement  in  wrought  alloys  can  only  be  achieved  by  deformation  and  recrystallization, 
but  our  understanding  of  these  mechanisms  during  industrial  processing  is  still  largely 
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empirical  [Ref.  2].  As  recently  as  1993  Haasen  [Ref.  10]  has  observed  that 
recrystallization  is  the  last  major  unexplored  frontier  in  physical  metallurgy. 

Grain  sizes  in  the  range  of  ~20-50pm  are  typical  of  engineering  alloys  commonly 
produced  today.  However  recent  research  has  demonstrated  that  grains  can  be  readily 
refined  to  1.0pm  in  size  and  still  finer  grain  sizes  of  perhaps  lOOnm  or  less  can  also  be 
achieved  [Refs.  11-19].  Such  ultra-fine  grained  materials  may  exhibit  dramatic 
improvements  in  mechanical  properties  and  many  potential  applications  exist  for  the 
increased  mechanical  properties  afforded  by  these  materials.  Applications  include  those 
requiring  an  increased  strength  to  weight  ratio,  resistance  to  cyclic  loads  or  those 
requiring  increased  fracture  toughness. 

Attainment  of  fine  or  ultra-fine  grain  sizes  in  wrought  alloys  that  are  not 
amenable  to  control  by  phase  transformations  may  be  achieved  only  through  plastic 
defonnation  and  recrystallization.  The  study  of  the  deformation-induced  microstructures 
has  progressed  rapidly  in  the  last  decade  and  this  has  contributed  to  the  development  and 
refinement  of  several  theories  of  grain  refinement. 

1,  Deformation-Induced  Microstructures 

The  low-energy  dislocation  structure  (LEDS)  theory  of  deformation-induced 
microstructures  was  developed  and  has  recently  been  summarized  by  Kuhlmann- 
Wilsdorf  [Ref.  20].  This  and  related  theories  have  been  developed  to  describe 
microstructures  produced  by  deformation  at  low  homologous  temperatures.  In 
conjunction  with  the  LEDS  hypothesis,  descriptions  of  the  dislocation  boundaries  formed 
during  deformation  have  been  developed  [Ref.  21]  from  extensive  investigations  [e.g. 
Refs.  22-25].  In  summary,  dislocations  generated  during  plastic  deformation  will  adopt 
arrangements  that  reflect  a  state  of  lowest  internal  energy  for  the  applied  tractions.  Some 
these  dislocations  will  be  part  of  dense  dislocation  walls  that  separate  features  that  are 
tenned  ‘cell  blocks’.  These  dislocation  walls  are  features  that  accommodate  lattice 
curvature  and  realignment  upon  traversing  from  one  cell  block  to  an  adjacent  cell  block 
and  thus  have  been  tenned  ‘geometrically  necessary  boundaries’  (GNBs).  Other 
dislocations  remaining  within  cell  blocks  fonn  what  are  termed  ‘incidental  dislocation 
boundaries’  (IDBs)  that  comprise  substructures  within  the  cell  blocks.  With  increased 
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plastic  deformation,  the  distance  separating  GNBs  becomes  reduced  more  rapidly  than 
the  distance  separating  IDBs.  This  indicates  that  GNBs  may  be  able  to  accommodate  a 
larger  proportion  of  the  dislocations  generated  during  plastic  deformation  than  the  IDBs 
[Ref.  22]. 


McQueen  and  coworkers  [Refs.  26-28]  have  proposed  the  theory  of  geometric 
dynamic  recrystallization  to  describe  the  deformation-induced  microstructures  that 
develop  at  moderately  elevated  temperatures  and  deformation  strain-rates.  It  has  been 
subsequently  modified  to  include  cases  of  severe  plastic  deformation.  Doherty  et  al. 
[Ref.  2]  have  provided  a  detailed  review.  Briefly,  plastic  deformation  causes  the  prior 
grains  to  elongate  while  equi-axed  sub  grains  form  within  the  prior  grains.  The  subgrain 
size  depends  on  the  Zener-Hollman  parameter,  Z,  given  in  Equation  1 . 1  as 


Z  =  £  exp 


RT 


Equation  1.1 


where  £  is  the  strain  rate,  Q  is  the  activation  energy  for  defonnation,  R  is  the  gas 
constant  and  T  is  the  absolute  temperature.  With  continued  deformation,  the  thickness  of 
the  prior  grains  becomes  reduced  to  the  sub  grain  size.  Then,  the  prior  boundaries  become 
serrated  and  may  eventually  pinch  off,  leading  to  the  formation  of  smaller  grains  in  the 
absence  of  a  nucleation  and  growth  process. 

2.  Deformation  Banding 

The  phenomenon  of  deformation  banding  will  have  a  prominent  role  in  the 
current  study.  Deformation  banding  may  commence  at  the  initiation  of  and  continue 
throughout  large-strain  plastic  defonnation  and  become  the  dominant  mechanism  of  grain 
subdivision.  As  a  consequence  of  this  process,  adjacent  regions  of  a  grain  experience 
lattice  rotation  towards  symmetrically  related  final  orientations.  These  regions,  or  zones, 
of  different  lattice  orientation  become  ribbon-like  in  shape  during  deformation  and  have 
been  termed  ‘defonnation  bands’.  The  existence  of  defonnation  banding  was  suggested 
as  early  as  1940  by  Barrett  [Ref.  29]  and  Banett  and  Levenson  [Ref.  30].  Chin,  et  al. 
[Ref.  31],  have  also  emphasized  the  importance  of  defonnation  banding. 
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Duggan,  et  al.  [Refs.  32-37]  have  recently  investigated  the  nature  and  origin  of 
deformation  banding  in  polycrystalline  FCC  metals.  According  to  these  authors,  the 
occurrence  of  this  phenomenon  is  dependent  on  the  initial  grain  size  and  it  predominates 
mainly  in  coarse-grained  materials.  The  initial  grain  orientation  and  rolling  reduction  are 
also  factors  [Ref.  32]  and  deformation  banding  can  commence  either  at  the  onset  of 
plastic  deformation  or  at  some  larger  strain.  Banding  is  favored  by  the  simultaneous 
occurrence  of  dynamic  recovery,  which  enables  the  rearrangement  of  the  dislocations  in 
the  band  interiors  into  low  energy  arrays,  thereby  reducing  the  stored  energy  [Ref.  33]. 

Compatible  defonnation  under  plane  strain  conditions  for  a  structure  of  elongated 
deformation  bands  may  occur  with  the  activation  of  only  two  slip  systems  in  each  band 
due  to  the  relaxation  of  constraints  [Refs.  34,  38-39].  The  Taylor  model  [Ref.  40] 
requires  the  operation  of  at  least  five  independent  slip  systems  for  compatible 
defonnation  of  a  polycrystalline  material  composed  of  equi-axed  grains  having  random 
lattice  orientations.  In  a  banded  structure,  there  may  be  less  strain  hardening  due  to 
dislocation  entanglement  because  there  are  fewer  operative  slip  systems  and  therefore  a 
lower  flow  stress  since  less  work  is  done.  In  order  for  defonnation  banding  to  be 
energetically  favorable,  this  decrease  in  plastic  work  during  straining  must  exceed  the 
additional  energy  required  for  the  creation  of  the  band  interfaces  plus  the  accommodation 
of  shears  at  the  band  ends  [Ref.  34]. 

As  pointed  out  recently  by  Kulkami,  et  al.  [Ref.  41],  “this  phenomenon  still 
remains  remarkably  enigmatic”  despite  the  publication  in  recent  years  of  several  studies 
on  deformation  banding  in  a  variety  of  different  materials  [Refs.  42-61].  Experimental 
evidence  for  defonnation  banding  has  been  reported  mainly  in  studies  of  pure  metals  and 
also  in  dispersion  hardened  materials  [Refs.  42-56].  Recent  studies  have  proposed  a 
deformation  banding  model  for  specific  types  of  deformation  [Refs.  62-64] 
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B.  DEFORMATION  INDUCED  MICROSTRUCTURES  AND  TEXTURES 

1.  Low  Temperature  Deformation 

A  review  of  early  work  on  deformation  microstructures  and  textures  is  provided 
by  Gil-Sevillano  et  al.  [Ref.  65].  A  more  recent  review  of  observed  textures  in  common 
deformation  processes  is  provided  by  Hosford  [Ref.  66]  and  Kocks  et  al  [Ref.  67]. 

In  general,  plastic  defonnation  processes  occurring  below  ~0.3Tm  (less  than  30% 
of  the  absolute  melting  temperature)  result  in  microstructures  with  the  following 
characteristics:  elongated  grains;  reduced  apparent  grain  size  from  that  of  the  original; 
substantial  increase  in  the  dislocation  density;  increase  in  the  fraction  of  low-angle  (2°- 
15°)  boundaries;  and  a  preferred  orientation  (or  texture)  of  the  grains.  These  features  are 
heavily  influenced  by  the  material  and  nature  of  the  process  imposing  the  plastic 
deformation. 

2.  High  Temperature  Deformation 

Doherty  et  al.  [Ref.  2]  have  recently  reviewed  the  current  understanding  of  the  hot 
worked  state,  i.e.,  for  defonnation  conducted  at  elevated  temperatures.  Briefly 
summarized,  resulting  microstructures  can  be  interpreted  in  terms  of  dislocation 
amangements  and  reanangements  associated  with  creep  of  the  deformed  materials 
although  with  some  significant  modifications.  Notable  modifications  include  the 
formation  and  retention  of  deformation  bands  that  have  large  disorientations  across  band- 
band  interfaces  and  the  production  (sub)grain  boundaries  that  are  apparently  very  stable. 

C.  RECRYSTALLIZATION 

1,  Current  Theories  of  Recrystallization 

The  current  understanding  of  recrystallization  has  also  been  reviewed  recently 
[Ref.  2].  Smallman  [Ref.  7]  also  provides  a  concise  summary  of  the  relevant  theories  in 
his  text.  In  summary,  the  standard  model  for  kinetic  processes  considers  the  fonnation  of 
a  nucleus  of  critical  size  by  atom-by-atom  construction  from  an  embryo.  This  model  is 
well  suited  for  processes  such  as  solidification  and  solid-solid  phase  transfonnation  that 
involve  large  thennodynamic  driving  potentials.  Thus,  the  free  energy  of  fonnation,  AG*, 
of  a  critical  nucleus  is  given  in  Equation  1 .2  as 
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AG*  = 


/(cos#) 


Equation  1.2 


A  G2V 

where  A  Gy  is  the  driving  force  in  the  form  of  volume  free  energy  to  continue  growth;  y  is 
the  opposing  surface  (or  interfacial)  free  energy;  a  is  a  parameter  that  varies  with  the 
shape  of  the  nucleus,  and  is  taken  as  167t/3  for  a  spherical  nucleus;  and  the  function  /(cos 
9)  varies  between  0.1  and  0.5  depending  on  the  contact  angle  9  for  formation  on  a  pre¬ 
existing  interface.  The  density  of  the  embryos  capable  of  supporting  growth,  nv ,  can  be 


calculated  using  Equation  1.3, 


Nv  exp 


f-AG*) 


Equation  1.3 


v  kT 

where,  Nv  is  the  number  of  atoms  per  unit  volume,  k  is  Boltzmann's  constant,  and  T  is  the 
absolute  temperature.  If  the  volume  free  energy  is  taken  to  be  due  to  the  dislocation 
density,  Equation  1 .4  may  be  used  to  calculate  A  Gy. 


A  Gy  =  p±Gb2 


Equation  1.4 


where,  pL  is  the  dislocation  density,  G  is  shear  modulus  and  b  is  the  Burgers  vector  for 
dislocations.  If  the  dislocation  density  is  assumed  to  be  that  of  a  heavily  cold  worked 
metal,  e.g.,  pL= 1016m'2,  it  can  be  shown  using  the  above  equations  that  nv ,  the  density  of 

stable  grain  nuclei,  is  essentially  zero  at  any  temperature  up  to  the  melting  temperature. 
An  alternative  perspective  is  that  the  conventional  theory  cannot  account  for  observed 
nucleation  rates  in  deformed  metals  and  alloys.  Instead,  it  is  now  understood  that 
recrystallization  occurs  when  selected  cells  or  substructures  that  were  fonned  in  the 
defonnation  microstructure  become  stable  in  size  and  are  surrounded  by  boundaries  that 
are  able  to  migrate. 

2.  Continuous  Recrystallization 

Humphreys  [Ref.  68]  as  well  as  Doherty  et  al.  [Ref.  2]  have  reviewed  the 
continuous  recrystallization  mechanism.  The  term  ‘continuous  recrystallization’  is  a 
phenomenological  description  for  a  recovery-dominated  microstructural  transformation 
that  occurs  homogeneously  throughout  a  deformation-induced  microstructure  in  the 
absence  of  long-range  high-angle  boundary  migration.  Fine,  second-phase  particles  are 


believed  to  aid  this  process  by  hindering  dislocation  motion  and  rearrangement  and  the 
subsequent  grain  boundary  migration.  Materials  that  undergo  the  continuous 
recrystallization  reaction  generally  retain  well-defined  deformation  textures  and  develop 
bi-modal  disorientation  distributions  [Refs.  69-71]. 

In  many  discussions  of  superplastic  behavior  in  aluminum  alloys,  the 
defonnation-induced  microstructure  at  the  conclusion  of  thermomechanical  processing 
has  been  envisioned  to  consist  of  elongated  prior  grains  that  contain  cells  or  subgrains  of 
small  disorientation.  Several  investigators  have  then  suggested  that  continuous 
recrystallization  consists  of  a  recovery-controlled  build  up  of  the  average  disorientation 
angle  for  subgrains  within  such  a  structure  [Refs.  2,  72-77].  However,  the  mechanism  of 
this  increase  in  disorientation  is  uncertain.  It  has  been  attributed  to  subgrain  growth  [Ref. 
72],  to  subgrain  coalescence  [Ref.  73],  to  subgrain  rotation  [Ref.  74],  to  subgrain  rotation 
and  switching  [Ref.  75]  in  a  response  to  the  tensile  stress,  or  to  the  accumulation  of 
dislocations  in  grain  boundaries  during  elevated  temperature  deformation  [Ref.  76-77]. 

In  recent  investigations  of  continuously  recrystallized  superplastic  alloys,  the 
presence  of  grain  clusters  or  bands  having  lattice  orientations  corresponding  to  the 
symmetric  variants  of  a  texture  component  has  been  documented  [Refs.  62-63].  The 
continuous  recrystallization  reaction  during  static  annealing  included  the  development  of 
distinct  boundaries  accompanied  by  the  retention  and  sharpening  of  the  texture  and 
development  of  a  bimodal  distribution  of  boundary  disorientation  angles.  The  high-angle 
boundaries  (50°-62.8°)  in  the  distribution  were  apparently  the  interfaces  between  the  grain 
clusters  while  the  lower-angle  boundaries  (2°-15°)  corresponded  to  a  cellular  substructure 
within  the  clusters.  It  was  suggested  that  the  bands  or  grain  clusters,  and  therefore  the 
high-angle  boundaries,  might  have  formed  as  a  result  of  deformation  banding  during  the 
thermomechanical  processing. 

3.  Discontinuous  Recrystallization 

Doherty  et  al.  [Ref.  2]  have  also  given  further  detailed  consideration  to 
discontinuous,  or  primary,  recrystallization.  The  discontinuous  reaction  can  be  viewed  as 
conventional  nucleation  and  growth  in  that  it  occurs  heterogeneously  in  the  deformation 
microstructure.  Thus,  discontinuous  recrystallization  may  be  viewed  as  the  heterogeneous 
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formation  of  high-angle  boundaries  in  the  deformation  microstructure,  for  example,  in 
association  with  isolated  cells  or  subgrains  near  prior  boundaries  or  in  the  deformation 
zones  surrounding  hard  second-phase  particles.  In  general,  it  can  be  shown  that  the 
nucleation  rate  for  such  heterogeneous  reactions  is  substantially  greater  than  that  of 
homogeneous  nucleation  as  predicted  by  Smallman  [Ref.  7].  The  heterogeneous 
formation  and  migration  of  high-angle  boundaries  in  the  deformation  zones  surrounding 
hard  particles  has  been  termed  ‘particle-stimulated  nucleation’  in  that  the  second  phase 
particles  apparently  serve  as  nucleation  sites  in  an  alloy  matrix. 

The  processing  of  aluminum  alloys  for  particle-stimulated  nucleation  generally 
includes  an  overaging  treatment  followed  by  extensive  plastic  deformation  at  a  low 
homologous  temperature.  This  processing  route  provides  numerous  particles  distributed 
throughout  the  material  that  may  act  as  heterogeneous  nucleation  sites  upon  heating.  A 
fine,  equi-axed  microstructure  with  a  random  texture  is  normally  seen  as  a  result.  This 
microstructure  and  texture  will  then  support  elevated  temperature  deformation  in  a 
superplastic  manner  via  dislocation  motion  and  grain  boundary  sliding.  The 
microstructures  and  textures  after  elevated  temperature  defonnation  vary  with  the  final 
defonnation  conditions,  i.e.  strain  rate  and  temperature. 


D.  PRODUCTION  OF  ULTRA-FINE  GRAINS 

1.  Conventional  Procedures 

Conventional  procedures  for  attaining  a  fine-grained  material  have  included 
processes  that  incorporate  phase  transformations  [Ref.  7]  as  well  as  defonnation  and 
recrystallization  processes  as  described  above  [Ref.  2].  Most  conventional  plastic 
defonnation  procedures  are  limited  in  the  amount  of  strain  that  may  be  imparted  to  a 
material.  For  example,  rolling  operations  are  typically  limited  to  a  true  strains,  stme~3,  or 
a  twenty  fold  reduction  of  the  starting  thickness  to  attain  the  final  thickness.  Grain  sizes 
in  rolled  materials  are  typically  30-50pm.  New  and  innovative  deformation  processing 
techniques  may  allow  much  larger  strains  to  be  attained  and  thereby  enable  finer  grain 
sizes  to  be  attained  by  deformation  and  recrystallization  processing. 
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2.  Severe  Plastic  Deformation 

Severe  plastic  deformation  (SPD)  techniques  may  offer  alternative  methods  of 
producing  fine  grained  structures  in  bulk  material  for  material  systems  which  are  not 
amenable  to  traditional  grain  refinement  techniques.  SPD  operations,  as  the  name 
implies,  can  subject  a  material  to  plastic  strains  in  excess  of  those  produced  by 
conventional  means  by  up  to  an  order  of  magnitude.  Some  SPD  techniques  will  be 
reviewed  briefly. 

Equal-channel  angular  pressing  (ECAP)  was  originally  developed  by  Segal  and 
coworkers  as  a  method  to  homogenize  the  microstructures  of  cast  billets  [Ref.  78]. 
Valiev,  et  ah,  [Ref.  14]  have  shown  that  severe  plastic  deformation  (SPD)  by  ECAP  also 
offers  the  potential  of  achieving  grain  refinement,  and  of  producing  ultra-fine  grained 
(UFG)  or  even  sub-micron  grained  (SMG)  structures,  with  corresponding  improvements 
in  mechanical  properties.  An  ECAP  die  consists  of  two  channels  of  equal  cross-section 
intersecting  at  an  angle  through  which  a  billet  of  material  is  pressed.  Ideally,  the  material 
experiences  a  state  of  pure  shear  when  passing  through  the  intersection  of  the  die 
channels.  Because  the  cross-sectional  area  of  a  billet  is  unaltered  during  a  single  ECAP 
pass,  very  large  strains  may  be  achieved  in  bulk  material  by  repetitive  ECAP  operations. 
ECAP  will  be  fully  reviewed  in  subsequent  chapters. 

High  pressure  torsion  (HPT)  was  also  developed  in  Russia  [Refs.  17,  79]  and  has 
been  recently  reviewed  [Refs.  80-82].  During  HPT,  a  disc  of  material  is  placed  between 
two  plates  and  high  pressure,  normally  in  the  GPa  range,  is  applied.  One  of  the  plates  is 
then  rotated  and  the  disc  of  material  is  deformed  in  shear  through  the  frictional  effects 
with  the  plates.  The  strain  in  the  material  is  a  function  of  location  along  the  disc  radius 
and  number  of  rotations  of  the  tool  [Ref.  82],  and  hence  is  non-uniform  throughout  the 
sample.  This  procedure  is  limited  to  the  formation  of  disc-shaped  samples  that  are 
measured  in  millimeters.  This  process  has  been  found  to  be  effective  in  consolidation  of 
nano-structured  powders  [Ref.  82-83]. 

Accumulative  roll  bonding  (ARB)  is  a  method  that  utilizes  conventional  rolling  to 

induce  severe  plastic  deformation  into  a  material.  ARB  was  developed  in  Japan  [Ref.  18] 

and  has  been  studied  recently  [Refs.  84-86].  This  process  uses  conventional  rolling  with 

a  50%  reduction  in  thickness  during  each  pass  to  produce  bulk  material  and  the 
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corresponding  doubling  of  the  length  in  the  rolling  direction.  The  material  is  then  cut  in 
half  after  each  pass,  the  surfaces  to  be  bonded  are  prepared  and  the  two  plates  are  stacked 
on  top  of  one  another,  returning  the  sample  almost  to  the  original  length  and  thickness. 
Finally,  the  stacked  plates  are  subjected  to  another  rolling  operation  intended  to  bond  the 
plates  while  again  reducing  the  thickness  of  the  stack.  The  process  is  repeated  until  the 
desired  strain  is  achieved.  This  method  can  produce  large  sheets  of  material  useful  in 
many  applications  with  currently  available  machinery.  However,  the  surface  preparation 
must  include  careful  cleaning  and  surface  preparation  [Ref.  86].  Delamination  and 
problems  with  contamination  during  bonding  have  also  been  reported  [Ref.  86]. 

Asymmetric  rolling  was  also  developed  in  Japan  [Ref.  19]  and  utilizes  rollers  of 
different  sizes  and  thus  different  angular  velocities,  to  produce  a  rolled  sheet.  The  stress 
state  experienced  by  the  material  has  been  examined  and  found  to  be  more  complex  than 
that  of  plane  strain  found  in  conventional  rolling  procedures  [Ref.  19].  This  has  been 
found  to  lead  to  the  development  of  a  microstructure  influenced  by  the  additional  shear 
strains  introduced  [Refs.  87-88]. 

Friction-stir  processing  (FSP)  is  a  technique  adapted  from  the  concepts  of  friction 
stir  welding  (FSW)  [Ref.  89].  FSP  is  not  intended  to  produce  bulk  material,  however 
localized  severe  plastic  deformation  of  a  material  and  thus  homogenization  of 
microstructure  and  grain  refinement  can  result  in  improved  local  material  properties. 
This  technique  involves  traversing  a  rotating  tool  under  an  applied  force,  across  the 
surface  of  a  material,  producing  intense  plastic  defonnation  associated  with  a  “stirring” 
action  in  the  material  under  the  tool.  Previous  work  has  studied  the  effects  of  friction-stir 
processing  on  commercial  aluminum  alloys  [Refs.  90-92].  These  studies  revealed  that 
friction-stir  processing  resulted  in  grain  refinement.  Samples  prepared  from  the 
thennomechanically  affected  zones  (TMAZ)  of  processed  material  exhibited  high  strain 
rate  superplasticity,  as  well  as  improved  properties  such  as  increased  static  strengths  and 
increased  ductility. 

Material  removed  during  a  machining  process  may  have  been  subjected  to  large 
plastic  strains  [Ref.  93]  and  if  coolant  was  applied  during  the  machining  process,  may  not 
have  been  subject  to  recrystallization  temperatures.  Recently,  techniques  have  been 
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investigated  with  the  goal  of  recycling  this  “waste”  material  [Refs.  94-96]  while  taking 
advantage  of  the  severe  plastic  deformation  already  imposed  upon  the  material. 


E.  RELEVANCE  OF  THIS  RESEARCH 

The  current  fundamental  understanding  of  deformation-induced  microstructures  is 
based  mainly  on  extensive  characterization  studies  of  deformed  materials.  Predictive 
models  have  yet  to  be  developed  that  are  applicable  at  all  length  scales  to  account  for  the 
effects  of  grain  size  and  morphology  as  well  as  the  micro-  and  macro-texture  of  the 
deformed  materials.  The  crystal  plasticity  models  currently  used  are  based  upon  either: 
atomic  scale  dislocation  interactions  as  provided  in  the  text  by  Hirth  and  Lothe  [Ref.  97]; 
macro-scale  deformation  described  by  the  applied  mechanics  approach  as  provided  by 
Hill  [Ref.  98];  or  a  combination  of  the  two.  The  current  models  do  not  take  into  account 
meso-scale,  or  intermediate-level,  features  that  include:  interactions  among  several 
grains;  defonnation  behavior  of  groups  or  clusters  of  grains.  In  addition,  these  models  do 
not  consider  lattice  curvature  that  results  from  increased  dislocation  density.  Recent 
developments  in  microscopy  techniques  have  allowed  the  investigation  and 
characterization  of  these  meso-scale  features.  This  may  aid  in  bridging  the  gap  between 
the  micro-  and  macro-scale  plasticity  models  by  development  of  models  to  include  meso- 
scale  features,  but  these  models  have  as  yet  to  be  applied. 

Given  the  recent  advances  in  techniques  designed  to  introduce  severe  plastic 
defonnation  into  material  in  order  to  achieve  grain  refinement,  the  underlying  processes 
of  plastic  deformation  must  be  understood  at  all  length  scales  in  order  to  take  full 
advantage  of  this  emerging  technology.  Thus,  grain  sub-division  by  deformation 
banding,  which  occurs  on  length  scales  corresponding  to  the  grain  size,  has  been  largely 
ignored  as  a  process  that  could  lead  to  the  development  of  sub-micron  or  nano-scale 
microstructures  having  large  fractions  of  high-angle  boundaries. 

The  microstructure  of  these  and  conventionally  deformed  materials  has  been 
extensively  studied.  This  research  differs  in  that  it  will  primarily  utilize  microstructural 
characterization  techniques  that  allow  a  quantitative  measure  of  the  grain-to-grain 
disorientation.  These  methods  will  utilize  the  analysis  of  diffraction  patterns  formed  in 
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the  scanning  electron  microscope  (SEM)  and  transmission  electron  microscope  (TEM). 
The  orientation  determination  of  the  grains  from  the  diffraction  patterns  will  allow  the 
location  of  various  texture  components  to  be  identified  as  well  as  the  location  of  high- 
and  low-angle  boundaries.  This  type  of  analysis  of  deformed  materials  has  not  been 
previously  performed  on  the  combination  of  alloy  systems  and  deformation  procedures  in 
this  study.  The  goal  of  this  research  is  to  further  the  fundamental  understanding  of  plastic 
defonnation  mechanisms,  specifically  defonnation  banding  and  its  role  in  the  production 
and  retention  of  high  angle  grain  boundaries  during  conventional  as  well  as  severe  plastic 
deformation  processing. 
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II. 


BACKGROUND 


A.  EQUAL-CHANNEL  ANGULAR  PRESSING 

Equal-channel  angular  pressing  (ECAP)  was  originally  developed  by  Segal  and 
coworkers  as  a  method  to  homogenize  the  microstructures  of  cast  billets  [Ref.  78]. 
Valiev,  et  ah,  [Ref.  14]  have  shown  that  severe  plastic  deformation  (SPD)  by  ECAP  also 
offers  the  potential  of  achieving  grain  refinement,  and  of  producing  ultra-fine  grained 
(UFG)  or  even  sub-micron  grained  (SMG)  structures,  with  corresponding  improvements 
in  mechanical  properties.  Because  the  cross-sectional  area  of  a  billet  is  unaltered  during  a 
single  ECAP  pass,  very  large  strains  may  be  achieved  in  bulk  material  by  repetitive 
ECAP  operations.  A  schematic  of  an  ECAP  die  is  shown  in  Figure  2.1.  The  two  die 
channels  illustrated  in  Figure  2.1  are  of  equal  cross  section  but  intersect  at  an  angle,  ®, 
which  is  equal  to  90°  for  the  die  used  for  processing  in  the  current  study.  The  relief  angle, 
*P,  is  also  indicated  in  Figure  2.1,  and  is  equal  to  20°  for  this  particular  die.  Reference 
axes  are  also  indicated  in  Figure  2.1.  The  +x  direction  is  aligned  with  the  longitudinal 
axis  of  the  as-pressed  billet  and  it  is  directed  opposite  to  the  exit  direction  of  the  billet. 
Thus,  during  an  ECAP  pass  the  billet  is  pressed  downward  in  the  -z  direction  and  is 
sheared  as  it  passes  through  the  die  channel  intersection  before  exiting  the  die  in  the  -x 
direction.  Then,  the  x,  y  and  z  planes  are  the  transverse,  flow  and  longitudinal  planes, 
respectively.  Ideally,  plastic  strain  occurs  by  simple  shear  in  the  material  as  the  billet  is 
pressed  through  the  intersection  of  the  die  channels.  Iwahashi  et  al.  [Ref.  99]  have 
calculated  the  von  Mises  equivalent  strain  that  accumulates  during  an  ECAP  pass  and  the 
result  is  given  in  Equation  2. 1  in  terms  of  the  die  angle  ®,  and  relief  angle,  T: 
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Equation  2.1 


For  the  die  of  the  current  work  the  strain  per  pass  is  sn  =  1.055  and  hence  the  total 
accumulated  strain  after  N  passes  is  eTotai  =  1.055N. 

Repetitive  ECAP  may  be  accomplished  following  various  routes  that  may  be 

distinguished  by  the  amount  and  sense  of  rotation  of  the  billet  between  successive 

pressing  passes  [Ref.  100].  The  different  routes  are  illustrated  in  Figure  2.2.  For  route  A, 
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there  is  no  rotation  of  the  billet  between  successive  passes.  For  route  BA,  rotations  are 
alternately  90°  clockwise  and  90°  counterclockwise  between  successive  passes.  In  route 
Be,  the  rotation  is  always  90°  in  the  same  sense  (i.e.  always  clockwise  or 
counterclockwise).  Finally,  for  route  C  the  rotation  is  always  180°  in  the  same  sense. 


Figure  2.1.  A  schematic  representation  of  an  Equal  Channel- Angular  Pressing 
(ECAP)  die.  The  angle  between  die  channels  is  0=90°;  the  shearing  of  a  cylindrical 
billet  during  pressing  is  shown  and  the  angles  ®  and  which  is  the  relief  angle  at  the 
outer  radius  of  the  channel  intersection,  are  defined. 

Recently,  attention  has  been  given  to  the  effectiveness  of  the  various  ECAP  routes 

in  producing  grain  refinement  in  bulk  samples  of  various  pure  metals  and  alloys  [Refs. 

14-16,  100-103].  These  investigations  have  relied  mainly  on  transmission  electron 

microscopy  (TEM)  and  selected  area  electron  diffraction  (SAED)  methods  as  a  means  of 

assessing  the  relative  fraction  of  high-angle  boundaries  associated  with  grain  refinement 
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by  the  various  ECAP  routes.  These  studies  have  all  demonstrated  that  ECAP  is  capable 
of  producing  fine,  equi-axed  structures  with  large  fractions  of  high-angle  boundaries. 
Based  on  TEM  observations  of  pure  aluminum,  it  has  been  suggested  that  the  optimum 
grain  refinement  after  four  ECAP  passes  may  be  achieved  by  following  route  Be,  and  that 
routes  A  and  C  were  less  effective  in  achieving  a  high  fraction  of  high-angle  boundaries 
in  the  microstructure  [Ref.  100],  Additional,  related  issues  that  have  been  examined 
recently  include  the  effect  of  die  angle  on  texture  [Refs.  104-105]  and  microstructure 
[Ref.  106],  analytical  [Refs.  99,  107-108]  and  finite  element  [Refs.  109-110]  modeling 
investigation  of  equivalent  strains  [Refs.  99,  107-108],  adiabatic  heating  of  billets  during 
ECAP  [Ref.  Ill],  the  capability  of  ECAP  to  enable  superplasticity  at  high  strain  rates  and 
low  temperatures  [Refs.  112-115],  grain  refinement  mechanisms  [Refs.  116-118],  the 
characteristics  of  the  grain  boundaries  after  ECAP  [Refs.  119-122]  and  the  combined 
texture  and  microstructural  modeling  of  ECAP  [Ref.  123]. 


Figure  2.2.  Schematic  of  the  four  defined  Equal  Channel-Angular  Pressing  routes  for 
repetitive  pressings.  Route  A  involves  no  rotation  between  passes,  Route  BA  involves 
alternating  90°  rotations,  Route  Be  has  rotations  of  90°  in  the  same  sense  while  Route 
C  has  rotations  of  180°  between  successive  passes.  [From  Ref.  101] 


B.  ROLLING 

Rolling  has  been  and  will  continue  to  be  one  of  the  most  important  and 

extensively  used  techniques  of  deformation  processing.  Deformation  during  a  rolling 

pass  is  illustrated  in  Figure  2.3  for  the  rolling  of  a  sheet  or  plate  material.  Plastic 

defonnation  occurs  as  the  material  passes  between  parallel,  counter-rotating  rolls  that  are 
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separated  by  a  gap  that  is  less  than  the  entering  thickness  of  the  material.  The  standard 
axis  system  that  was  utilized  in  this  study  is  indicated  in  Figure  2.3  and  consists  of  the 
rolling  direction  (RD),  the  transverse  direction  (TD)  and  the  nonnal  direction  (ND). 


Figure  2.3.  Schematic  of  the  process  of  rolling.  The  axes  are  indicated  as  Rolling 
Direction  (RD),  Normal  Direction  (ND)  and  Transverse  Direction  (TD). 


An  idealized  model  of  defonnation  during  a  rolling  pass  considers  that  the 
defonnation  is  plane  strain  in  nature.  Thus,  the  material  is  elongated  in  the  rolling 
direction  (RD)  while  being  reduced  in  the  normal  direction  (ND).  In  reality,  a  true  plane 
strain  condition  exists  only  near  the  center  of  the  material.  The  stress  state  near  the 
surfaces  of  the  material  is  more  complex  due  to  friction  at  the  roll  /  work  piece  interface 
and  the  effects  of  curvature  of  the  rolls.  Additionally,  the  assumption  of  plane  strain 
conditions  breaks  down  near  the  edges  of  the  material  and  typically  there  is  some 
elongation  along  the  TD  due  to  relaxation  of  the  constraining  effects  of  friction  near  the 
edge  of  the  material.  All  rolled  materials  investigated  in  this  study  were  examined  near 
the  mid-point  along  the  ND  and  away  from  the  TD  edges  of  the  sample.  The  rolling 
defonnation  is  normally  expressed  in  terms  of  a  percentage  reduction  of  the  starting 
thickness.  The  corresponding  true  strain,  et,  may  then  be  calculated  using  Equation  2.2, 
where  //is  the  final  and  t0  is  the  initial  thickness. 


In 
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V 
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Equation  2.2 
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C.  REVIEW:  TEXTURE 

1.  Texture  Representation 

Most  engineering  materials  are  polycrystalline  in  nature.  Thus,  each  individual 
grain  in  a  material  will  have  a  distinct  lattice  orientation.  The  lattice  orientation  is 
typically  expressed  in  a  fixed  reference  frame  related  in  some  way  to  the  material.  The 
presence  or  absence  of  a  preferred  or  common  orientation  among  numerous  grains  in  the 
material  defines  the  texture  of  the  material  under  study.  These  orientations  may  be 
represented  in  a  number  of  ways,  using  either  discrete  points  for  each  measurement  or  by 
contour  plots  with  each  contour  level  corresponding  to  a  density  of  points  above  the 
nonnalized  background  level.  Randle  and  Engler  [Ref.  124]  have  provided  a  thorough 
introduction  to  these  topics  as  well  as  a  background  on  the  texture  representations  that 
have  been  used  in  this  work.  The  first  orientation  representation  used  extensively  in  this 
study  is  by  a  stereographic  projection,  or  pole  figure,  utilizing  discrete  points,  each 
representing  a  single  lattice  orientation  measurement. 

The  stereographic  projection  utilizes  a  sphere  that  is  defined  in  a  reference  axis 
system.  This  axis  system  normally  is  chosen  to  coincide  with  a  set  of  directions 
characteristic  of  the  sample  rather  than  of  specific  crystallographic  directions.  A  texture 
may  be  described  by  a  pole  figure,  which  is  constructed  by,  first,  projecting  a  given 
family  of  crystal  directions  from  an  origin  located  at  the  center  of  the  fixed  sphere  onto 
the  surface  of  the  sphere.  The  families  of  directions  are  normally  chosen  to  be  coincident 
with  low  index  crystallographic  directions,  i.e.  <002>,  <022>  and  <1 1 1>  and  each  family 
is  represented  by  a  separate  pole  figure.  The  points  on  the  sphere  surface  are  projected 
onto  a  plane  nonnal  to  the  sphere  to  obtain  the  actual  pole  figure.  This  projection  plane  is 
usually  nonnal  to  one  of  the  fixed  axes  of  the  reference  frame  so  that  the  plane  contains 
the  other  two  fixed  axes.  The  projections  are  normally  accomplished  stereographically 
(i.e.  by  a  straight  lines),  or  by  either  an  equal-angle  or  equal-area  method.  These  different 
representations  are  schematically  shown  in  Figure  2.4.  When  examining  pole  figures  it  is 
important  to  bear  in  mind  that  the  stereographic  projection  method  causes  the  distance  (or 
angle)  between  two  points  near  the  center  of  the  plane  to  appear  to  be  less  than  that  of  the 
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same  points  located  further  from  the  center  of  the  plane.  This  can  be  seen  in  Figure  2.5, 
wherein  the  points  are  separated  by  20°. 


2tan(e/2) 

- >1 


2sin(e/2 ) 

— >1 


(b) 


Figure  2.4.  Schematic  representation  showing  the  generation  of  a  Stereographic 
Projection  in  (a),  an  Equal  Area  Projection  in  (b)  and  an  Equal  Angle  Projection  in  (c). 
[After  Ref.  125] 


Pole  figures  representing  the  distributions  of  the  <002>,  <022>  and  <11 1>  are 
widely  used  in  this  work.  For  cubic  materials,  these  lattice  directions  correspond  to  the 
normals  of  the  planes  with  the  same  indices,  i.e.  the  [111]  direction  is  collinear  with  the 
normal  to  the  (111)  plane.  An  example  of  a  unit  cube  and  the  corresponding  <002>, 
<022>  and  <11 1>  pole  figures  is  provided  in  Figure  2.6.  These  three  pole  figures 
represent  the  distributions  of  the  cube  planes,  the  slip  directions  and  the  slip  planes, 
respectively,  even  though  a  single  pole  figure  would  be  a  complete  description  of  the 
distribution  of  orientations  (the  texture)  in  the  material. 
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Figure  2.5.  Stereographic  projection  on  a  Wolfnet,  where  the  two  points  located  near 
the  center  are  separated  by  20°  and  the  two  points  located  at  the  perimeter  of  the 
projection  are  also  separated  by  20°.  It  should  be  noted  that  while  the  angular 
separation  distance  is  the  same  in  both  cases,  the  physical  distances  on  the  projection 
are  not. 

An  alternative  representation  of  texture  consists  of  an  inverse  pole  figure  (IPF). 
The  IPF  is  constructed  in  a  similar  manner  to  the  pole  figure  with  the  exception  that  the 
reference  axes  are  projected  onto  a  plane  that  is  referenced  in  turn  to  the  grain  or  lattice 
orientation.  Additionally,  due  to  the  symmetry  of  cubic  materials,  the  IPF  is  normally 
presented  in  the  fonn  of  a  unit  triangle  with  the  apices  being  the  <00 1>,  <01 1>  and 
<1 1 1>  crystal  directions;  this  may  be  seen  in  Figure  2.7. 

The  last  method  of  texture  representation  in  this  work  is  the  orientation 
distribution  function  (ODF).  This  representation  of  orientations  is  typically  prepared  by 
plotting  three  Euler  angles,  (pi,  ®  and  92,  in  a  rectilinear  coordinate  system,  which 
represent  rotation  angles  needed  to  reorient  the  cube  axes  of  the  lattice  into  coincidence 
with  the  reference  axes.  The  Euler  angles  are  defined  using  Bunge’s  convention  [Ref. 
126].  Thus,  (pi  is  the  first  rotation  and  it  is  about  the  X3  (or  Z)  axis;  the  second  rotation, 
®,  is  about  the  xi  (or  X)  axis;  and  the  final  rotation,  92,  is  also  about  the  X3  (or  Z)  axis. 
These  rotations  are  illustrated  in  the  schematic  in  Figure  2.8.  The  ranges  of  the  Euler 
angles  necessary  to  represent  all  possible  orientations  depend  on  lattice  symmetry.  Thus, 

a  triclinic  lattice  requires  that  the  Euler  angles  have  the  following  ranges:  91  from  0°- 
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<200> 


Figure  2.6.  A  unit  cube  with  crystallographic  directions  <200,  <220>  and  <11 1> 
presented  in  (a)  and  the  corresponding  (200),  (220)  and  (111)  stereographic 
projections  are  presented  in  (b),  (c)  and  (d)  respectively. 

360°,  <D>  from  0°-180°,  and  (p2  from  0°-360°.  Any  cubic  lattice  orientation  can  be 
described  with  respect  to  the  reference  axis  system  by  considering  the  ranges  of  (pi,  ®  and 
cp2  each  to  be  0°-90°.  The  representation  of  a  texture  in  Euler  space  is  normally 
accomplished  by  plotting  two  angles,  (pi  and  (f>,  on  constant  (p2  sections,  as  seen  in  Figure 
2.9. 

The  Euler  angles  for  the  cubic  lattice  of  a  given  grain  may  be  used  to  obtain  an 
orientation  matrix,  [A],  as  in  Equation  2.3.  This  matrix  represents  the  Euler  rotations 
needed  in  order  for  the  cube  axes  of  the  lattice  to  coincide  with  the  reference  axes  of  the 
material.  If  a  similar  orientation  matrix  is  obtained  for  an  adjacent  grain,  the 
disorientation  matrix,  [M],  may  then  be  computed  using  Equation  2.4.  In  practice  there 
are  up  to  24  possible  disorientation  matrices  and  so  detennination  of  the  disorientation 
angle,  9,  involves  a  minimization  operation  among  the  crystallographically  equivalent 
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Figure  2.7.  A  representative  schematic  of  an  inverse  pole  figure  (IPF),  depicting  the 
<100>  directions  in  (a),  corresponding  to  the  reference  axes  RD  (or  [100]),  TD  (or 
[010])  and  ND  (or  [001])  directions  as  projected  onto  the  stereographic  projection 
referenced  to  the  crystal  axes.  In  (b),  the  customary  representation  of  the  IPF  utilizing 
only  the  unit  triangle  is  shown.  [From  Ref.  125] 

disorientation  matrices.  The  disorientation  angle,  0,  is  then  found  from  Equation  2.5, 

where  mn,  »i22  and  m3  3  are  the  diagonal  terms  of  the  [M]  having  the  lowest  rotation 

angle.  For  a  cubic  system  symmetry  considerations  limit  the  range  of  0  to  0°-62.8°.  In 

the  simplest  terms,  the  disorientation  angle  is  the  smallest  rotation  angle  and  its 

associated  rotation  axis  that  will  bring  the  lattice  of  one  grain  into  coincidence  with  the 

lattice  of  adjacent  grain. 


Equation  2.3 

cos  <j)x  cos  (j)2  -  sin  (f)x  sin  02  cos  sin  (j)x  cos  <f>2  +  cos  (j)x  sin  (/)2  cos  <f> 

-  cos  (f> j  sin  <j>2  -  sin  t/>]  cos  (f>2  cos  <I>  -  sin  (f)x  sin  (/)2  +  cos  </>x  cos  (j)2  cos  d> 

sin  (f)]  sin  d>  -  cos  (j)x  sin  d> 

sin  (f>2  sin  <I> 
cos  (f>2  sin  <I> 

cos  d> 

[M]=krk] 

Equation  2  A 

0n  =minarccos  +  m'22  +m\l  -l) 

Equation  2.5 
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Figure  2.8.  Schematic  representation  of  the  Euler  angles  (pi,  <D>  and  cp2,  using  Bunge’s 
convention,  (pi  is  the  first  rotation  about  Z  to  arrive  at  X’Y’Z’,  <E>  is  the  subsequent 
rotation  about  X’  to  arrive  at  X”Y”Z”,  and  the  last  rotation,  92,  is  about  Z”  to  arrive 
at  X”’Y”’Z”’. 

The  disorientation  angle  associated  with  adjacent  grains  will  be  used  to  describe 
the  grain  boundary.  Low  angle  boundaries  (LAB’s),  or  boundaries  of  small 
disorientation  angle  (9  <  5°),  are  often  the  result  of  recovery  following  plastic 
deformation  and  may  be  thought  of  as  arrays  of  dislocations  so  that  there  is  a  high  degree 
of  lattice  registry  across  the  boundary  plane  [Ref.  127].  Boundaries  must  be  effective 
barriers  to  the  motion  of  lattice  dislocations  in  order  to  contribute  to  strengthening,  e.g.  as 
envisioned  in  the  Hall-Petch  [Refs.  8-9]  model  for  grain  size  strengthening.  Low  angle 
boundaries  would  be  relatively  ineffective  due  to  lattice  registry  across  the  boundary,  and 
so  the  characterization  of  grain-to-grain  disorientations  is  as  important  as  determination 
of  grain  size. 

2.  Texture  Data  Acquisition 

The  texture  of  materials  was  first  investigated  using  x-ray  diffraction  [Refs.  3-4] 
by  von  Laue  in  1912.  In  1913,  Bragg  described  the  interaction  of  x-rays  with  the  crystal 
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Figure  2.9.  Example  of  an  Euler  space  plot  where  a  rectilinear  3-D  coordinate  system 
is  presented  in  “slices”  of  constant  angle,  cp2.  The  slices  are  normally  set  to  present 
data  that  falls  half  way  below  and  above  the  slice  label,  i.e.  the  (p2=40°  slice  would 
represent  data  37.5°  <  cp2  <  42.5°  in  this  example. 

lattice  and  derived  Equation  2.6  [Ref.  5-6]  wherein  n  is  the  order  of  reflection,  X  is  the  x- 
ray  wavelength,  d  is  the  interplanar  spacing  of  the  diffracting  planes  and  6  is  the 
corresponding  Bragg  angle. 

n/ 1  =  2d  sin  0  Equation  2.6 

Typically,  x-ray  diffraction  measurements  are  conducted  over  large  surface  areas, 
sometimes  encompassing  several  thousand  grains.  This  technique  lends  itself  to 
determination  of  the  macro-  or  bulk  texture  of  a  material.  However  the  computation  of 
grain-to-grain  disorientations  is  practically  impossible  since  the  x-rays  illuminate  all 
grains  simultaneously,  making  the  distinction  of  individual  grain  orientations  infeasible. 
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In  addition,  symmetrically  equivalent  variants  of  orientations  in  some  textures 
cannot  be  distinguished  by  x-ray  methods.  For  example,  the  Brass  (or  B  texture) 
component  is  often  observed  in  rolled  material  and  may  be  specified  as  { 1 10}<1 12>, 
meaning  a  <1 12>  direction  aligns  with  the  rolling  direction  and  a  {110}  plane  lies  in  the 
rolling  plane.  As  can  be  seen  in  Figure  2.10,  there  are  two  distinct  variants  of  the  B 
texture,  which  are  disoriented  by  a  60°  rotation  about  a  <1 1 1>  aligned  with  the  transverse 
direction.  The  individual  variants  are  indistinguishable  by  x-ray  diffraction  methods  so 
that  each  variant  is  equally  weighted  when  computing  fractions  of  dominant  orientations. 
The  same  problem  arises  in  neutron  diffraction  of  a  bulk  material. 

The  use  of  electron  diffraction  in  the  transmission  electron  microscope  (TEM) 
and  scanning  electron  microscope  (SEM)  to  detennine  micro  texture  has  evolved  more 
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Figure  2.10.  A  schematic  representation  of  the  two  B  (or  Brass)  texture  variants  and 
the  corresponding  (111)  pole  figures,  where  the  <1 12>  directions  are  aligned  with  RD 
and  the  (110)  planes  are  parallel  to  the  RD-TD  (rolling)  plane. 
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recently.  Starting  in  the  late  1 940's,  the  TEM  became  widely  available  for  use  as  a 
practical  scientific  tool  [Ref.  128].  This  invention  allowed  electrons  to  be  used  for 
investigations  on  a  finer  scale  than  was  available  through  optical  microscopy  and  x-ray 
diffraction  methods.  This  was  due  to  the  electron's  wave-like  characteristics  and  very 
short  wavelength  when  accelerated  through  a  large  potential  drop.  Neglecting  relativistic 
effects,  the  electron  wavelength,  2,  may  be  calculated  by  the  de  Broglie  relationship  [Ref. 
129],  as  given  in  Equation  2.7: 

1  h 

^  ,  r.  T7.\  1/2  Equation  2.7 

(2  moev) 


where  V  the  applied  accelerating  voltage,  m0  is  the  rest  mass  of  an  electron,  e  is  the 
charge  of  an  electron  and  h  is  Planck's  constant.  If  relativistic  effects  are  included, 
Equation  2.7  can  be  modified  as  in  Equation  2.8,  with  the  only  new  variable  being  c,  the 
speed  of  light  in  a  vacuum. 
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2 m0c2  j 
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Equation  2.8 


Since,  the  wavelength,  X,  is  inversely  proportional  to  the  square  root  of  the 
accelerating  voltage,  V,  the  higher  the  applied  voltage,  the  shorter  the  wavelength.  If  the 
wavelength  of  the  electron  is  shorter,  the  resolution  of  the  technique  is  improved  and 
atomic  resolution  has  become  possible  now.  The  practical  limitations  of  electron 
microscopy  are  defined  by  the  ability  lens  system  in  the  microscope  to  focus  the  electron 
beam. 

By  taking  advantage  of  the  scattering  of  electrons  and  the  wavelike  characteristics 
of  the  electrons,  Bragg  diffraction,  given  in  Equation  2.6,  is  possible  in  electron 
microscopes.  Kikuchi  recognized  this  possibility  in  1928  by  considering  only  geometric 
considerations,  well  before  the  invention  of  any  electron  microscope  [Ref.  130].  Kikuchi 
also  recognized  that  line  patterns  may  be  formed  from  incoherently  scattered  electrons 
that  travel  in  all  directions  from  an  inelastic  scattering  event  while  loosing  only  minimal 
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energy.  This  is  depicted  schematically  in  Figure  2.1 1(a).  These  electrons  have  also  been 
tenned  diffusely  scattered  electrons.  A  diffusely  scattered  electron  can  then  undergo 
Bragg  diffraction  from  the  various  planes  of  atoms  in  the  material,  as  seen  in  Figure 
2.11(b).  The  combination  of  electrons  having  many  incident  directions  and  energies  near 
the  energy  of  the  incident  beam  results  in  the  formation  of  diffracted  cones  of  electrons 
emerging  from  the  sample.  These  ‘Kosel  cones’  [Ref.  128]  will  intersect  the  Ewald 
sphere,  and  be  observed  as  lines,  shown  in  Figure  2.11(c).  If  the  radius  of  the  Ewald 
sphere  is  large,  the  projection  of  the  cones  will  be  in  the  form  of  straight  lines  rather  than 
parabolas.  These  straight  lines  can  then  be  used  to  unambiguously  determine  the 
orientation  of  the  crystal  lattice.  The  material  must  not  absorb  the  diffusely  scattered 
electrons;  otherwise,  no  ‘Kikuchi’  lines  will  be  observed.  For  electrons  that  are  diffusely 
scattered  back  in  the  general  direction  of  the  incident  beam  (backscattered  electrons)  this 
means  that  Kikuchi  patterns  will  be  observed  only  for  regions  near  the  free  surface. 
Conversely,  for  diffuse  scattering  in  the  forward  sense  the  material  must  be  in  the  form  of 
a  thin  foil  to  avoid  absorption  of  the  diffusely  scattered  electrons. 

The  observation  of  backscattered  electrons  in  an  SEM  following  Kikuchi 
diffraction  was  first  reported  in  1954  [Ref.  131].  These  resulting  diffraction  patterns 
were  tenned  backscatter  Kikuchi  diffraction  (BKD)  patterns.  In  the  1970’s,  tools  were 
developed  to  capture  and  index  these  patterns  in  SEM’s  [Ref.  124].  Through  the  past  two 
decades,  this  phenomenon  has  also  been  termed  electron  backscatter  pattern  (EBSP) 
analysis  and  electron  backscatter  diffraction  (EBSD).  Kikuchi  diffraction  methods  have 
been  used  extensively  in  this  research  in  the  SEM,  through  Orientation  Imaging 
Microscopy  (OIM),  developed  by  TexSEM  Laboratories  in  Draper,  UT  (a  subsidiary  of 
ED  AX,  Mahwah,  NJ).  The  OIM  system  will  be  described  in  detail  in  a  later  section. 

Kikuchi  diffraction  is  also  utilized  for  orientation  measurements  in  the 
transmission  electron  microscope  (TEM)  [Refs.  124,  128],  When  the  electron  beam 
penetrates  the  sample,  most  of  the  electrons  will  be  scattered  in  the  forward  direction. 
This  produces  many  electrons  available  for  Bragg  diffraction  with  the  various  atom 
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Figure  2.11  Schematic  representation  of  all  electron  scattering  localized  at  a  single 
point  in  (a).  In  (b),  some  of  the  diffusely  scattered  electrons  undergo  Bragg  diffraction 
from  certain  atom  planes.  In  (c),  Kossel  cones  are  formed  and  projected  onto  the 
Ewald  sphere,  creating  parabolas  which  approximate  to  straight  Kikuchi  lines.  [From 
Ref.  128] 

planes.  Additionally,  due  to  the  high  voltages  used  in  TEM’s,  inelastically  scattered 
electrons  loose  only  a  fraction  of  their  incident  energy  through  sample  interaction  and 
contribute  to  the  formation  of  diffraction  patterns  along  with  the  elastically  scattered 
incident  electrons.  The  TEM  may  also  be  operated  in  convergent  beam  mode  to  increase 
the  number  of  incident  electrons  available  for  Kikuchi  diffraction.  The  converging 
electron  beam  will  be  able  to  satisfy  the  Bragg  diffraction  condition  more  readily  than  a 
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conventional,  parallel  electron  beam  that  is  used  for  nonnal  imaging  and  production  of 
selected  area  diffraction  (SAD)  patterns.  The  convergent  beam  electron  diffraction 
(CBED)  patterns  are  consequently  produced  with  very  distinct  Kikuchi  lines  that  are 
readily  usable  in  the  indexing  of  the  crystal  lattice  orientation.  The  convergent  beam  may 
also  be  focused  to  achieve  nanometer  sized  probes,  typically  l-50nm  in  diameter.  This 
feature  of  the  TEM  will  allow  the  investigation  of  very  fine  grained  materials,  while  still 
producing  readily  indexed  diffraction  patterns. 

The  analysis  of  CBED  patterns  in  this  work  was  performed  using  Tools  for 
Orientation  and  Crystallographic  Analysis  in  the  TEM  (TOCA)  software  developed  by 
TexSEM  Laboratories  in  Draper,  UT  (a  subsidiary  of  EDAX  Inc.,  Mahwah,  NJ).  A 
detailed  description  of  the  TEM  hardware  and  TOCA  software  will  also  be  provided  in  a 
subsequent  section. 

3.  Common  Textures  Presented  in  This  Work 

The  following  are  descriptions  and  schematic  representations  of  some  common 
textures  observed  in  this  work  in  rolled  materials.  The  notation  commonly  associated 
with  these  orientations  is  {hkl}<uvw>,  meaning  that  the  {hkl}  plane  is  parallel  to  the 
rolling  plane  and  the  <uvw>  direction  is  parallel  to  the  rolling  direction  (RD).  The  single 
orientations  include:  Cube  {00 1  }<100>,  Goss  { 1 10}<001>,  B  or  Brass  {110}<112>,  C 
or  Copper  { 1 12}<  1 1 1>,  T  or  Taylor  {4  4  1 1  }<1 1  11  8>  and  the  S 

{123}<634>orientation.  The  cube  and  Goss  orientations  have  only  one  variant  while  the 
B,  C  and  T  have  two  and  the  S  has  four,  as  in  the  schematic  of  Figure  2.12. 

Another  common  texture  encountered  is  the  fiber  texture.  A  fiber  texture  results 
when  a  crystallographic  direction  tends  to  be  common  to  all  grains  but  there  exists 
rotation  about  that  direction.  Two  common  fiber  textures  encountered  in  this  work  were 
the  <100>  and  <1 1 1>  fibers,  meaning  that  those  crystallographic  directions  were  aligned 
with  known  directions  found  in  the  sample  or  reference  axis  system.  An  example  of  a 
<1 1 1>  fiber  texture  aligned  with  ND  is  provided  in  Figure  2.13. 

4.  Deformation  and  Torsion  Textures 

During  defonnation  processing,  e.g.  by  cold  rolling,  groupings  of  the  orientations 
listed  in  the  previous  section  can  develop.  The  specific  orientations  and  their  distribution 
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Copper  (2) 


Figure  2.12.  Schematic  representations  of  a  unit  cube  and  the  associated  (200)  pole 
figure,  using  the  convention  of  RD  being  the  vertical  axis  and  TD  the  horizontal,  for 
some  common  single  orientation  variants  seen  during  rolling  of  fee  materials. 

in  the  material  depend  on  alloy  constitution  and  processing  history,  mainly  the  strain  and 

the  temperature  of  deformation.  An  example  of  a  deformation  texture  formed  during  cold 

rolling  of  copper  is  provided  in  the  pole  figures  of  Figure  2.14.  If  these  orientations  are 

plotted  in  Euler  space,  they  fall  along  the  lines,  or  orientation  fibers,  that  are  illustrated 

schematically  in  Figure  2.15.  Two  of  these,  the  a  and  P  fibers,  are  of  particular 

importance  in  rolled  face  centered  cubic  metals.  The  a  fiber  connects  the  Cube,  Goss  and 

Brass  orientations,  while  the  P  fiber  connects  the  Brass,  S,  T  and  Copper  orientations.  As 

with  individual  orientations,  the  fibers  themselves  comprise  symmetric  variants.  The  a 

fiber  may  also  be  thought  of  as  having  two  variants  but  the  orientations  are 

crystallographically  identical  and  therefore  indistinguishable  from  one  another.  This  is 

because  the  a  fiber  lies  on  along  the  edge  of  the  fundamental  zone  of  Euler  space  for 

29 


002 


022 


Figure  2.13.  Example  of  a  <1 1 1>  fiber  texture  aligned  with  the  sheet  nonnal  (ND). 

The  rotational  axis  of  symmetry  is  the  <1 1 1>  as  can  be  seen  in  the  (111)  pole  figure. 

cubic  systems.  The  relationships  among  such  orientations  are  the  same  as  the  symmetry 
relationships  of  the  crystal  structure  itself.  The  [3  fiber  has  two  distinct  and 
distinguishable  variants  and  there  will  exist  disorientation  between  the  two  variants. 
These  fibers  are  normally  associated  with  plane  strain  deformation,  i.e.  rolling,  in  face 
centered  cubic  (fee)  materials  such  as  aluminum  and  copper  [Ref.  126]. 

Axial  torsion  of  a  thin-walled  cylinder  produces  a  state  of  pure  shear,  which  in 
turn  is  characterized  by  unique  defonnation  textures.  Canova  et  al.  [Ref.  132]  have 
examined  torsion  texture  development  and  given  a  theoretical  treatments  of  torsion 
textures  for  cubic  materials.  Briefly,  depending  on  the  constraints  imposed  different 
orientations  or  partial  fiber  texture  components  are  observed  to  develop.  The  different 
texture  components  were  tenned  the  A,  B  and  C  type  shear  textures.  The  A  type  shear 
texture  is  a  partial  fiber  texture  of  the  form  {111}  <hkl>  (the  notation  refers  to  {plane 
parallel  to  the  shear  plane }<direction  parallel  to  the  shear  direction>).  The  B  type  shear 
texture  is  also  a  partial  fiber  texture  of  the  form  {hkl}<110>.  Lastly,  the  C  type  shear 
texture  component  is  a  single  orientation,  {100}<110>,  which  lies  at  one  end  of  the  B 
component.  A  schematic  representation  of  each,  and  A  +  B  +  C  components  together,  are 
presented  in  Figure  2.16. 
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Figure  2.14.  Representative  example  of  a  deformation  texture  from  a  rolled  fee 
material. 


Figure  2.15.  Schematic  representation  of  Euler  space  depicting  the  locations  of  the 
variants  of  the  texture  components  associated  with  rolling  an  fee  material  along  each 
variant  of  the  a  and  P  fiber. 
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(b) 


Figure  2.16.  Stereographic  projections,  (111)  and  (100),  of  theoretical  shear  textures 
developed  by  Canova  et  al.  [Ref.  132]  where  SD  is  the  shear  direction  and  SPN  is  the 
shear  plane  normal.  A  type  shear  texture:  {1 1  l}<hkl>  is  presented  in  (a),  and  the  B 
type:  {hkl}<l  10>  plus  C  type:  { 100}<1 10>  shear  textures  in  (b).  The  combined  A  + 
B  +  C  shear  textures  are  represented  in  (c).  [After  Ref.  132] 
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D.  ORIENTATION  IMAGING  MICROSCOPY  (OIM) 

1.  Introduction 

Microtexture  measurements  were  performed  using  electron  backscatter  diffraction 
(EBSD)  methods  and  OIM.  Again,  Randle  and  Engler  [Ref.  124]  provide  a  thorough 
introduction  to  EBSD  and  OIM  and  so  only  a  brief  overview  of  the  system  used  in  this 
study  will  be  given. 

A  TOPCON  SM-510  SEM  equipped  with  a  tungsten  filament  and  operating  at  an 
accelerating  voltage  of  20kV  was  used  for  data  collection  and  analysis.  The  system  is 
shown  in  Figure  2.17.  After  polishing,  the  samples  were  placed  into  the  SEM  in  a  holder 
that  inclines  the  sample  surface  at  70°  to  the  horizontal.  This  was  done  in  order  to  utilize 
the  EBSP  analysis  capability  of  the  Orientation  Imaging  Microscopy  (OIM)  hardware 
and  software  provided  by  TexSEM  Laboratories  (TSL  Inc.,  Draper,  UT),  a  subsidiary  of 
EDAX  Inc.,  Mahwah,  NJ.  The  SEM  was  operated  in  spot  mode  with  an  electron  beam 
diameter  of  about  lOOnm.  The  electrons  interact  within  the  first  30-50nm  of  the  sample 
surface,  undergoing  Bragg  diffraction  and  thereby  providing  orientation  information  from 
a  region  approximately  lOOnm  in  diameter.  The  backscattered  electrons  impinge  upon  a 
phosphor  screen,  thus  illuminating  it.  A  low-light  level  camera  captured  the  image  of  the 
diffraction  pattern,  seen  in  Figure  2.18(a),  on  the  phosphor  screen.  The  OIM  software 


Figure  2.17.  Picture  of  the  TOPCON  SM-510  scanning  electron  microscope  with  the 
major  components  of  the  OIM  system  indicated. 
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was  employed  to  capture,  analyze  and  index  the  pattern  to  determine  the  corresponding 
lattice  orientation.  The  corresponding  indexing  of  the  pattern  of  Figure  2.18(a)  may  be 
seen  in  Figure  2.18(b). 


(a)  (b) 

Figure  2.18.  Sample  Kikuchi  pattern  and  indexing.  In  (a),  an  actual  Kikuchi  pattern 
obtained  on  the  video  screen  is  shown;  (b),  an  indexed  pattern  showing  several  low- 
index  poles  [Oil],  [112],  [125],  etc.;  and  Euler  angles  phil  (cpi),  PFII  (®)  and  phi2  (cp2) 
for  this  orientation. 

In  practice,  each  pattern  is  analyzed  several  times,  and  resulting  solutions,  in  the 
form  of  the  Euler  angles  cpi,  ®,  and  cp2,  are  then  ranked  in  the  software.  The  pattern  is 
then  assigned  a  best-fit  solution  and  an  indication  of  the  goodness  of  the  solution,  which 
is  called  the  Confidence  Index  (Cl).  A  Cl  value  greater  than  0.1  corresponds  to  a  95% 
probability  correct  indexing.  The  pattern  index  was  then  saved  in  the  following  format: 
the  Euler  angles  cpi,  ®,  and  cp2,  the  coordinate  location  x  and  y  on  the  sample  surface,  the 
image  quality  (IQ),  or  sharpness  of  the  pattern,  and  the  assigned  Cl  value.  OIM  is 
accomplished  by  progressively  displacing  the  electron  beam  over  a  preselected  area  on 
the  sample  surface  in  a  raster  pattern,  as  depicted  in  Figure  2.19.  The  local  lattice 
orientation  at  each  successive  beam  position  in  the  raster  pattern  is  obtained  as  described 
above.  The  point-to-point  step  size  is  based  on  the  expected  microstructure  and  size  of 
the  region  being  examined.  Scans  over  larger  areas,  using  larger  step  sizes,  were  also 
employed  to  examine  meso-scale  features. 
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Figure  2.19.  Illustration  of  a  typical  hexagonal  raster  scan  of  a  sample  surface  with 
the  OIM  coordinate  system  and  step  size  indicated. 

Poor  diffraction  patterns  may  be  obtained  from  regions  of  severe  lattice  curvature 
due  to  stored  strain  energy,  or  where  the  electron  beam  is  incident  on  a  grain  boundary  so 
that  overlapping  patterns  are  produced  on  the  viewing  screen.  Data  clean  up  procedures 
are  included  in  software  and  were  performed  in  two  successive  steps  to  alleviate  such 
problems.  First,  the  highest  Cl  for  a  grain  is  assigned  to  all  points  in  that  grain.  Second, 
a  data  point  (orientation)  with  a  Cl  less  than  0.1  is  compared  to  its  nearest  neighbors  and 
the  orientation  of  the  neighbor  with  the  highest  Cl  is  assigned  to  such  a  point.  This 
effectively  incorporates  the  point  into  a  grain.  This  procedure  assumes  that  the  low  Cl 
points  are  associated  with  grain  boundaries  or  regions  of  high  dislocation  density  and  that 
nearby  points  with  higher  Cl  values  are  the  true  orientations.  It  should  be  noted  that  any 
single  orientation  with  a  Cl  value  greater  than  0.1  will  not  be  altered.  Grains  with  good 
quality  EBSPs  will  be  kept  no  matter  what  the  grain  size.  The  elimination  of  low  Cl 
points  is  done  in  order  to  obtain  a  higher  fidelity  picture  of  the  grain  boundary  regions 
and  thus  a  more  accurate  determination  of  the  disorientation  angle  between  grains. 
Accepted  accuracy  of  individual  grain  orientations  in  OIM  is  ±  1°  or  better;  on  this  basis, 
the  resolution  of  grain-to-grain  disorientations  here  is  taken  to  be  2°. 

After  the  clean  up  procedures  are  completed,  the  OIM  software  allows  the 
production  of  OIM  unique  grain  color  maps,  pole  figures  representing  the  texture, 

disorientation  distribution  histograms,  and  various  other  representations  of  the  data.  The 
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OIM  unique  grain  color  maps  are  produced  by  assigning  neighboring  points  to  the  same 
“grain”  if  the  point-to-point  disorientation  differed  by  less  than  a  user-specified  amount 
(2°  in  the  current  work).  A  schematic  representation  is  provided  in  Figure  2.20(a).  The 
entire  “grain”  may  not  have  a  common  orientation.  A  gradual  lattice  reorientation  due, 
for  example,  to  curvature  associated  with  residual  strain,  may  accumulate  in  a  traverse 
across  a  grain  and  not  be  apparent  in  a  grain  color  map  if  point-to-point  disorientations 
are  always  <  2°.  Images  can  also  be  plotted  using  Cl  values,  image  quality  represented  in 
Figure  2.20(b),  or  other  factors  that  result  in  contrast  within  the  resulting  image.  Images 
may  also  be  plotted  superimposing  another  parameter,  such  as  IQ,  over  a  unique  grain 
color  map  as  illustrated  schematically  in  Figure  2.20(c).  Plotting  of  the  orientation  data 
on  stereographic  projections  allows  the  data  to  be  represented  in  the  fonn  of  discrete  pole 
figures.  Highlighting  features  of  OIM  may  be  employed  to  identify  the  location  of 
various  texture  components  and  grain  boundaries  within  various  disorientation  ranges  in 
the  microstructure.  This  is  also  indicated  in  the  schematic  of  Figure  2.20(d). 

2.  Errors  in  Histograms  of  Disorientation  Data 

There  are  two  main  sources  of  error  in  histograms  representing  the  data  for  the 
distribution  of  grain-to-grain  disorientations.  The  first  is  a  standard  error  due  to  the 
number  of  disorientations  in  a  data  set,  SEN,  as  given  in  Equation  2.9. 


Equation  2.9 


Here,  N  is  the  number  of  disorientations  in  the  data  set  and  x;  is  the  fraction  of  N  that  are 
contained  in  the  ith  bin  of  the  disorientation  distribution.  The  second  is  a  standard  error 
due  to  the  resolution  limit  of  disorientation  measurement,  SEg,  as  given  in  Equation  2.10. 


SEe 


Equation  2.10 


In  this  relationship  6 resolution  =  2°  for  OIM  and  9 max  =  62.8°,  which  is  the  maximum 
disorientation  possible  for  cubic  lattices.  The  total  standard  error,  SETotai,  is  then  given  in 
Equation  2.1 1. 
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Equation  2.1 1 


SE 


Total 


For  all  cases  examined  in  this  study  by  OIM,  N  >  2000,  and  so  SETotai  ~  SEe  =  0.032. 


(c)  (d) 

Figure  2.20.  OIM  grain  map  representations,  (a)  Unique  grain  color  map  where  each 
color  represents  a  unique  grain,  defined  by  a  user  defined  grain  tolerance  angle  and  the 
dots  represent  individual  data  points.  The  cubes  illustrate  how  a  grain  boundary 
between  grains  is  based  on  change  in  orientation,  (b)  Image  Quality  (IQ)  grayscale 
map.  Grain  boundaries  appear  dark  because  they  are  regions  of  high  lattice 
imperfection  at  therefore  result  in  more  diffuse,  lower  quality  patterns,  (c)  Illustrates 
ability  to  superimpose  Unique  Grain  Color  Maps  and  IQ  grayscale  map.  (d)  Is  an  IQ 
grayscale  map  depicting  the  highlighting  of  similar  orientations  from  an  associated 
pole  figure  or  Euler  space  plot,  high-  (green)  and  low-angle  (yellow)  grain  boundaries. 


E.  TOOLS  FOR  ORIENTATION  AND  CRYSTALLOGRAPHIC  ANALYSIS 
IN  THE  TEM  (TOCA) 

A  TOPCON  EM-002B  TEM,  shown  in  Figure  2.21,  equipped  with  a  LaB6 
filament  and  operated  at  200kV,  was  used  for  data  collection.  TEM  images  and 
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convergent  beam  electron  diffraction  (CBED)  patterns  were  captured  by  a  Gatan 
DualView300  (DV300)  digital  camera,  installed  on  the  TEM  and  controlled  by  Digital 
Micrograph  (DM)  software.  Tools  for  Orientation  and  Crystallographic  Analysis  in  the 
TEM  (TOCA)  was  developed  by  TexSEM  Laboratories  (TSL  Inc.,  Draper,  UT)  a 
subsidiary  of  ED  AX  Inc.,  Mahwah,  NJ.  The  TOCA  system  was  installed  on  the  same 
computer  as  the  DM  software  to  allow  file  sharing  between  the  two  programs.  The 
TOCA  program  was  used  to  perform  crystallographic  measurements  based  on  the 
orientation  and  phase  determination  of  the  CBED  patterns. 

It  should  be  noted  that  the  TOCA  system  may  also  be  used  to  index  spot  patterns 
formed  from  selected  area  diffraction  (SAD)  measurements  in  the  TEM.  The  resolution 
limit  of  orientation  determination  from  an  SAD  spot  pattern  is  ~5°  while  the  CBED 
patterns  will  be  indexed  to  within  0.1°.  This  means  that  the  same  pattern,  either  SAD  or 


Figure  2.21.  Picture  of  the  TOPCON  EM-002B  transmission  electron  microscope 
with  the  detectors  indicated  for  the  following  analytical  tools:  Scanning  Transmission 
Electron  Microscope  (STEM),  Parallel  Electron  Energy  Loss  Spectroscopy  (PEELS), 
Energy  Dispersive  x-ray  Spectroscopy  (EDS)  and  Gatan  DualView  300  (DV300) 
digital  camera. 
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CBED,  when  indexed  multiple  times  will  be  determined  to  have  an  orientation  within  the 
stated  limits.  Additionally,  the  smallest  SAD  apertures  available  on  most  TEM's  is 
several  microns.  Hence,  this  was  the  smallest  area  that  could  be  investigated  using  SAD 
and  would  cover  several  grains  in  a  material  with  a  ~lpm  grain  size  making  grain-to- 
grain  disorientation  measurements  extremely  difficult  if  not  impossible. 

The  process  of  collecting  and  indexing  of  patterns  in  the  TEM  is  summarized  as 
follows.  A  TEM  bright  field  image  was  focused  and  captured  using  the  DV300  and  DM. 
The  sample  was  then  moved  to  center  a  specific  region  of  interest.  This  region  of  interest 
could  be  a  grain,  sub-grain  or  second  phase  particle.  A  CBED  pattern  was  then  formed  in 
the  TEM  using  a  probe  diameter  or  spot  size  of  16nm  and  a  camera  length  of  56cm. 
These  patterns  were  captured  using  the  DV300,  saved  and  automatically  numbered  using 
DM.  The  bright-field  image  was  annotated  with  the  location  where  the  pattern  had  been 
obtained  and  the  specific  pattern  number  assigned  by  DM.  The  process  was  repeated 
until  CBED  patterns  from  all  regions  of  interest  in  the  bright  field  image  had  been 
collected.  The  sample  was  then  displaced  to  an  adjacent  location  and  another  bright  field 
image  was  captured  along  with  the  CBED  patterns  as  described  before.  This  was  done  to 
allow  a  montage  of  TEM  images  to  be  assembled  that  would  cover  a  large  region  of  the 
sample. 

The  CBED  patterns  were  collected  and  stored  so  that  they  could  then  be  indexed 
using  TOCA.  In  order  to  accomplish  this,  TOCA  was  started  and  loaded  with  the  TEM 
operating  conditions  (i.e.  accelerating  voltage  and  camera  length)  and  the  possible  crystal 
phases  in  the  sample.  CBED  patterns  were  then  loaded  in  sequence  into  the  TOCA 
program.  An  example  of  such  a  CBED  pattern  is  provided  in  Figure  2.22(a).  The  user 
then  “measured”  the  Kikuchi  line  pairs,  one  bright  and  one  dark,  by  drawing  parallel  lines 
over  the  CBED  image,  as  shown  in  Figure  2.22(b).  Normally,  three  Kikuchi  line  pairs, 
associated  with  three  different  poles,  were  used  to  quickly  and  accurately  index  a  CBED 
pattern.  The  program  was  then  told  to  “Index”  the  measured  lines  and,  based  on  the 
crystal  data  available,  generate  a  list  of  possible  matches.  If  multiple  solutions  resulted 
for  a  given  crystal  orientation,  the  user  could  add  more  Kikuchi  line  pairs  in  order  to 
eliminate  erroneous  solutions.  Finally,  the  TOCA  system  can  also  displayed  the  “ideal” 
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Kikuchi  diffraction  pattern  as  an  overlay  to  the  captured  pattern  for  comparison,  shown  in 
Figure  2.22(c). 


(a)  (b) 


(c) 

Figure  2.22.  Sample  TEM  CBED  Kikuchi  pattern  and  indexing  using  TOCA.  In  (a), 
an  actual  Kikuchi  pattern  is  obtained  and  captured  by  the  Gatan  DV300  and  Digital 
Micrograph;  (b),  the  user  "measured"  Kikuchi  line  pairs;  (c)  an  indexed  pattern 
showing  the  "ideal"  Kikuchi  overlay. 

Disorientation  determination  was  accomplished  by  loading  multiple  crystals  of 
the  same  type  (i.e.  several  pure  aluminum  crystals  with  identical  lattice  parameters) 
during  start-up.  The  following  procedure  would  be  repeated  until  the  disorientation 
between  all  neighboring  grains  had  been  determined:  the  first  CBED  pattern  would  be 
loaded  and  indexed;  one  crystal  would  be  turned  “off’  (i.e.  the  system  would  save  the 
current  orientation);  a  neighboring  grain  CBED  pattern  would  be  loaded  and  indexed;  the 
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program’s  disorientation  function  would  be  used  to  detennine  the  disorientation  between 
the  two  indexed  patterns. 


The  disorientation  distributions  obtained  by  analysis  of  CBED  patterns  using  the 
TOCA  software  include  the  same  two  sources  of  error  that  were  noted  earlier  in  the 
section  on  Orientation  Imaging  Microscopy.  The  standard  error  due  to  the  total  number  of 
disorientation  measurements,  SEN,  and  the  standard  error  due  the  resolution  limit,  SEg, 
may  both  be  calculated  using  Equations  2.1  and  2.2  respectively.  For  the  TEM  data,  SE '# 
is  now  a  significant  source  of  error  in  the  TEM  measurements  due  to  the  smaller  number 
of  CBED  patterns  indexed,  normally  ~100  per  montage  of  images,  while  SEg  has 
improved  due  to  the  finer  resolution  of  the  TEM  orientation  determination  technique. 
The  corresponding  total  standard  error,  SETotai,  associated  with  the  TEM  measurements, 
was  calculated  using  Equation  2.3. 

Using  the  Kikuchi  diffraction  patterns,  the  TOCA  software  provided  the  ability  to 
quickly  conduct  accurate  orientation  determination,  disorientation  measurements  and 
simultaneous  phase  identification  if  required.  The  phase  identification  not  only  included 
crystals  of  different  lattice  types  (i.e.  fee,  bee,  etc.)  but  also  differentiation  between 
similar  crystal  lattices  (i.e.  copper  and  aluminum).  An  experienced  operator  could  be 
expected  to  index  ~50  CBED  patterns  per  hour  and  detennine  ~200  disorientations  per 
hour,  depending  upon  the  average  number  of  nearest  neighbors  for  each  grain. 


F.  ADDITIONAL  ANALYTIC  TOOLS  OF  THE  TEM 

Scanning  Transmission  Electron  Microscopy  (STEM)  and  Energy  Dispersive  x- 
ray  Spectroscopy  (EDS)  were  also  performed  on  selected  samples.  A  thorough 
discussion  of  each  technique  is  provided  by  Williams  and  Carter  [Ref.  128].  In  STEM 
mode,  the  TEM  focusing  coils  are  used  to  deflect  the  electron  beam  in  a  raster  pattern 
over  the  sample  surface  while  operating  the  TEM  in  a  diffraction  mode.  This  allows  the 
production  of  images  much  like  those  obtained  in  a  scanning  electron  microscope. 
Additionally,  while  operating  in  STEM  mode,  the  electron  beam  is  focused  to  a  point, 
0.5nm-48nm  in  diameter.  This  facilitates  the  simultaneous  use  of  the  EDS  system  to 

collect,  point-by-point,  elemental  imaging  of  the  sample  surface. 
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G.  EXPERIMENTAL  PROCEDURES  COMMON  TO  ALL  SYSTEMS 

EXAMINED 

Samples  were  sectioned  from  all  materials  using  a  Buehler  low-speed  saw  with  a 
diamond-wafering  blade.  With  reference  to  the  axes  defined  in  Figure  2.1  for  ECAP 
material,  a  disc  of  2mm  thickness  having  the  ±  x  direction  as  its  normal  was  sectioned 
from  the  as-pressed  billet.  A  second  cylindrical  section  ~1  Omm  in  length  was  also  cut 
from  the  ECAP  billet.  This  latter  piece  was  then  reoriented  for  further  sectioning  that  was 
intended  to  provide  a  planar  surface  containing  the  center  line  of  the  billet  and  whose 
nonnal  is  the  ±  y  direction.  These  sections  are  represented  schematically  in  Figure  2.23. 
With  reference  to  the  axes  defined  in  Figure  2.3  for  rolled  material,  the  samples  were 
sectioned  to  examine  the  plane  whose  normal  is  either  the  transverse  direction  (TD)  or 
nonnal  direction  (ND).  A  schematic  is  shown  in  Figure  2.24  for  a  sectioned  rolled  sheet 
whose  normal  is  TD. 


Figure  2.23.  Schematic  showing  the  sectioning  of  ECAP  samples  for  EBSD  analysis. 
In  (a),  the  approximate  shape  of  the  samples  after  sectioning  is  illustrated  for  the  X 
plane  and  in  (b)  the  sectioning  to  be  performed  on  the  second  cylinder  cut  from  the 
sample  after  reorientation  and  (c),  the  final  approximate  Y  Plane  section  shape.  The 
shaded  regions  indicate  the  actual  surface  examined. 
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ND 


RD 


Figure  2.24.  Schematic  of  a  rolled  sheet  after  sectioning,  the  shaded  surface  indicating 
the  plane  examined. 

Mechanical  polishing  of  the  samples  was  accomplished  by  carrying  out  the  steps 
outlined  in  Table  2.1  for  the  indicated  times.  Fixed  silicon  carbide  (SiC)  abrasive  papers 
were  used,  with  water  as  the  lubricant,  and  grinding  was  conducted  in  one  direction  until 
all  evidence  of  the  prior  grinding  step  had  been  eliminated.  The  sample  was  then  rotated 
90°  and  the  process  was  repeated  on  the  next  paper.  Rotating  wheels  with  microcloth 
were  used  for  polishing  with  the  Metadi  suspension,  and  Chemomet  I  was  used  with 
colloidal  silica.  Care  was  exercised  to  employ  dilute  diamond  abrasive  suspensions  and  a 
dilute  colloidal  silica  suspension  to  avoid  surface  contamination  with  these  abrasives. 
After  each  mechanical  polishing  step,  an  ultrasonic  cleaning  was  perfonned  for  10 
minutes  in  ethanol. 

A  distortion-free  final  polish  was  required  due  to  the  very  small  interaction 
volume  near  the  surface  of  the  sample  associated  with  formation  of  the  diffraction 
patterns  by  the  electrons  in  the  scanning  electron  microscope.  Hence,  the  final  polishing 
step  was  an  electropolish  conducted  in  a  Buehler  Electromet  4  apparatus.  Specific 
electrolytes,  voltages  and  times  for  each  system  examined  will  be  provided  in  the 
Experimental  Procedures  section  of  each  chapter.  All  samples  were  examined  in  the  as- 
polished  condition. 
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Step 

Abrasive 

Time 

RPM 

1 

500  Grit  SiC  Paper 

30  sec. 

180 

2 

1000  Grit  SiC  Paper 

30  sec. 

180 

3 

2400  Grit  SiC  Paper 

30  sec. 

180 

4 

4000  Grit  SiC  Paper 

30  sec. 

180 

5 

3  pm  Metadi  Diamond  Suspension 

10  min. 

180 

6 

1  pm  Metadi  Diamond  Suspension 

10  min. 

180 

7 

0.05  pm  Colloidal  Silica 

10  min. 
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able  2.1.  Mechanical  Polishing  for  SEM  Sample  Preparation 


Thin  foils  for  selected  materials  and  conditions  were  prepared  utilizing  a  similar 
procedure.  The  low  speed  saw  was  used  to  section  a  slice  ~  1000pm  thick  from  the 
sample.  Mechanical  polishing  was  conducted  on  both  sides  of  the  slice  using  the  silicon 
carbide  papers  listed  in  Table  2.2.  The  goal  was  to  produce  a  foil  ~  100pm  in  thickness. 
A  3mm  disc  was  then  punched  from  the  sample  and  electropolished  in  a  Fischione  Twin 
Jet  Polisher.  Specific  electrolytes  and  polishing  conditions  will  be  provided  in  each 
Experimental  Procedures  section  for  the  material  as  required. 


Step 

Abrasive 

Final  Step  Thickness 

RPM 

1 

500  Grit  SiC  Paper 

500  pm 

100 

2 

1000  Grit  SiC  Paper 

250  pm 

100 

3 

2400  Grit  Sic  Paper 

150  pm 

100 

4 

4000  Grit  SiC  Paper 

100  pm 

100 

Table  2.2.  Mechanical  Polishing  for  TEM  Sample  Preparation 
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III.  MICROSTRUCTURE  OF  ROLLED  COPPER 


A.  INTRODUCTION 

Defonnation-induced  microstructures  and  the  associated  textures  that  develop 
during  rolling  have  long  been  studied  and  characterized.  A  review  of  early  work  on 
deformation  microstructures  and  textures  was  provided  by  Gil-Sevillano  et  al.  [Ref  65]. 
Hosford  [Ref.  66]  and  Kocks  et  al.  [Ref.  67]  have  provided  a  more  recent  review  of 
textures  found  in  association  with  common  deformation  processes.  Rolling  deformation 
of  an  fee  metal  at  low  homologous  temperatures  generally  results  in  the  formation  of 
band-like  features  aligned  with  the  rolling  direction  (RD),  a  (sub)grain  structure  within 
each  band,  and  a  distinctive  defonnation-induced  texture.  The  texture  of  the  material 
typically  falls  on  or  near  the  P  fiber  in  the  orientation  distribution  function  in  Euler  space 
representation.  The  P  fiber  comprises  two  crystallographically  equivalent  variants.  Each 
variant  connects  B  (or  Brass),  {110}<112>,  S,  {123}<634>  and  C,  or  Copper, 
{ 1 12}<1 1 1>,  orientations  in  Euler  space.  This  notation  refers  to  {plane  parallel  to  the 
rolling  plane  defined  by  the  RD  and  TD}<direction  parallel  to  the  rolling  direction  RD>. 
The  observed  orientation  distribution  along  the  P  fiber  will  depend  upon  the  material  and 
the  degree  of  rolling  reduction. 

Orientation  Imaging  Microscopy  (OIM)  data  will  be  presented  that  illustrates  the 
presence  of  these  band-like  features  in  the  as-cold-rolled  condition  of  pure  Cu,  as  well  as 
in  material  deformed  in  tension  below  the  recrystallization  temperature.  Microstructure 
evaluation  was  conducted  for  material  in  annealed  and  deformed  conditions  as  well  as  in 
the  as-rolled  state.  Furthermore,  the  bands  will  be  shown  to  correspond  to  material 
having  lattice  orientations  along  one  or  the  other  of  the  variants  of  the  P  fiber.  Also,  the 
lattice  orientation  along  the  ND  tends  to  alternate  back  and  forth  between  the  two 
symmetrically  equivalent  P  fiber  orientations.  High-angle  boundaries  will  be  shown  to  be 
the  interfaces  separating  the  symmetric  variants  of  the  P  fiber  in  the  as-rolled  condition, 
as  well  as  during  tension  tests  conducted  below  the  recrystallization  temperature. 
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B.  EXPERIMENTAL  PROCDURES 

The  material  of  this  study  was  designated  Copper  101  OFE,  which  has  a 
minimum  99.99%  purity  and  is  oxygen  free  electrical  grade  metal  [Ref.  133].  The  pure 
copper  was  obtained  in  the  form  of  round-comer  square  bar  stock,  31.8mm  square. 
Detailed  chemical  analysis  data  are  provided  in  Table  3.1.  Annealing  was  performed  at 
600°C  (0.64Tm)  for  lhr  in  air,  after  allowing  for  an  additional  1 5 mins  of  soak  time  to 
achieve  thermal  equilibrium,  to  obtain  an  annealed  and  recrystallized  microstructure 
having  an  average  grain  diameter  of  -50 pm.  Following  the  work  of  Duggan  and  Lee 
[Ref.  32],  a  grain  size  of  -50pm  was  anticipated  to  result  in  formation  of  deformation 
bands  accompanying  the  development  of  a  strong  deformation  texture  in  fee  Cu  rolled  to 
80%  reduction.  After  the  initial  annealing,  1.27mm  was  machined  from  all  sides  to 
remove  the  oxide  layer  that  had  formed  during  annealing.  This  resulted  in  an  initial 
thickness,  t0  =  29.2mm,  prior  to  rolling. 


Zn 

Pb 

Bi 

Cd 

O 

P 

S 

Se 

Te 

Sb 

As 

Fe 

Mn 

Ni 

Ag 

Sn 

Cu 

0.3 

1 

0.2 

0.2 

2 

2 

8 

2 

0.5 

1 

1 

4 

0.3 

1 

8 

1 

Bal. 

Table  3.1.  Composition  (ppm)  for  the  as  received  Copper  101  OFE 


Rolling  was  conducted  at  room  temperature,  with  sufficient  interpass  time  to 
allow  the  material  to  return  to  room  temperature  after  the  adiabatic  heating  that  resulted 
from  the  plastic  deformation  of  each  successive  rolling  pass.  The  rolling  schedule  was 
based  on  a  reduction  per  pass  of  0.1  (true  strain  definition).  Separate  billets  were  rolled 
to  nominal  true  strains,  strue~1.0,  1.5,  2.0,  2.5  or  3.0.  Copper  rolled  to  stme~2.5  (-92% 
reduction)  will  be  the  main  focus  of  this  study.  The  recrystallization  temperature  was 
determined  for  this  material  and,  subsequently,  tension  tests  were  performed  both  above 
and  below  this  temperature. 

Tensile  coupons  having  a  12.5mm  gage  length  were  machined  from  this  rolled 
material  such  that  the  tensile  axis  was  parallel  to  the  rolling  direction  (RD).  Tensile  tests 
were  performed  at  a  constant  nominal  strain  rate.  Test  temperatures  were  150°C  or 
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250°C.  Sample  preparation  for  microscopy  consisted  of  mechanical  polishing  as  outlined 
in  Chapter  II.  Samples  for  SEM  examination  were  electropolished  in  a  33%  nitric  acid, 
67%  methanol  electrolyte  solution  at  20VDC  for  15sec  with  the  electrolyte  initially 
cooled  to  a  temperature  of-25°C. 


C.  RESULTS 

Data  corresponding  to  the  following  conditions  will  be  presented  for  this  material: 
prior  to  rolling;  as-rolled;  rolled  and  annealed;  and  rolled  and  defonned  in  tension  at 
elevated  temperature.  Figure  3.1  presents  data  for  the  pure  copper  after  the  initial 
annealing  treatment  at  600°C  for  lhr.  Figure  3.1(a)  is  an  OIM  grain  map  constructed  by 
superposition  of  unique  grain  colors  and  gray  tones  that  correspond  to  the  image  quality 
(IQ)  of  the  Kikuchi  diffraction  patterns.  The  grain  tolerance  angle  was  set  at  2°,  which 
means  that  adjacent  points  disoriented  by  more  than  2°  will  be  assigned  different  random 
colors.  This  grain  tolerance  angle  will  be  used  in  all  subsequent  unique  grain  color 
images  in  this  study.  Figure  3.1(b)  is  an  optical  micrograph  of  this  same  material  after 
mechanical  polishing  following  the  procedure  outlined  in  Chapter  II,  and  then  etching  for 
two  mins  with  a  solution  having  a  nominal  composition  of  18.75%  hydrochloric  acid, 
6.25%  FeCfi  and  75%  methanol  [Ref.  134]  .  Comparison  of  Figures  3.1(a)  and  (b) 
reveals  that  OIM  and  optical  microscopy  results  are  mutually  consistent.  Annealing  twins 
and  a  grain  size  of  ~50  pm  are  apparent  in  these  data.  This  initial  grain  size  is  sufficiently 
large  to  allow  for  the  development  of  deformation  bands  [Ref.  32], 

Discrete  pole  figures  that  represent  the  -12,000  individual  orientation 
measurements  corresponding  to  Figure  3.1(a)  are  shown  in  Figure  3.1(c).  From  these  data 
the  starting  texture  of  this  annealed  material  is  predominantly  random.  The  disorientation 
distribution  data  in  Figure  3.1(d)  were  obtained  by  binning  angular  disorientations  of 
adjacent  points  laying  along  grain  boundaries  and  representing  the  results  in  the  form  of  a 
histogram.  The  peak  near  40°  is  consistent  with  a  random  texture  component  in  a  cubic 
material  (following  the  definition  of  MacKenzie  [Ref.  135]),  while  the  60°  peak  is 
associated  with  the  boundaries  of  the  annealing  twins. 
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Figure  3.1.  Pure  copper  after  lhr  anneal  at  600°C  taken  from  the  bar  to  be  rolled.  In 
(a),  an  OIM  grain  map  and  in  (b),  an  optical  micrograph  show  the  initial  average  grain 
diameter  to  be  ~50pm.  In  (c),  the  discrete  pole  figures  are  presented  to  ensure  a 
random  starting  texture  which  is  verified  by  the  disorientation  histogram  (d),  showing 
a  peak  near  40°-45°  which  corresponds  to  that  predicted  by  MacKenzie.  The  peak 
near  60°  is  due  to  the  annealing  twins  fonned  during  the  heat  treatment. 


Figure  3.2  shows  data  for  the  copper  rolled  to  £trae~2.5.  A  unique  grain  color  map 
with  superimposed  IQ  is  presented  in  Figure  3.2(a).  The  darker  regions  correspond  to  a 
lower  IQ  and  are  the  result  of  diffuse  or  overlapping  diffraction  patterns  that  normally 
occur  in  regions  of  high  dislocation  density,  or  in  locations  nearby  grain  boundaries.  The 
apparent  grain  elongation  and  the  dark  overall  appearance  of  Figure  3.2(a)  is  consistent 
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with  the  high  stored  strain  energy  due  to  dislocation  storage  in  this  cold  rolled  material. 
The  discrete  pole  figure  data  in  Figure  3.2(b)  correspond  to  the  same  region  as  shown 
Figure  3.1(a),  and  depict  a  defonnation  texture  in  an  fee  metal  deformed  in  plane  strain 
[Refs.  66-67].  The  backscattered  electron  (BSE)  image  in  Figure  3.2(c)  may  be  used  as  a 
qualitative  measure  of  grain  orientations  if  the  operating  conditions  in  the  SEM  are 
adjusted  to  give  orientation  contrast.  The  orientation  contrast  does  not  give  quantitative 
orientation  data  but  only  indicates  differences  from  region  to  region  by  the  brightness 


Figure  3.2.  OIM  grain  map  in  (a)  with  the  grain  tolerance  angle  set  to  2°  and  the 
corresponding  discrete  pole  figure  in  (b)  which  illustrates  a  common  deformation 
texture  seen  in  rolled  fee  metals.  The  image  in  (c)  is  a  BSE  image  illustrating  the 
orientation  contrast,  no  etchant.  Both  the  OIM  map  and  BSE  image  show  elongated 
grains  of  similar  orientation  aligning  with  RD. 
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level  observed  in  the  micrograph.  As  such,  it  can  be  seen  in  Figure  3.2(c)  that  there  are 
bands  of  similar  orientation  aligned  with  RD. 

Figure  3.3  is  shows  alternative  representations  of  the  data  from  Figures  3.2(a)  and 
(b)  (the  axes  have  been  omitted  for  clarity).  In  Figure  3.3(a),  an  IQ  map  was  constructed 
using  gray  levels,  and  was  then  highlighted  with  random  superimposed  colors  to  show  the 
spatial  distributions  in  the  microstructure  of  the  symmetric  variants  of,  separately,  the  B, 
S  and  C  P-fiber  components.  The  locations  of  the  Goss  and  cube  texture  components  are 
also  indicated.  In  Figure  3.2(b)  highlighting  has  been  done  differently  in  order  to 
illustrate  the  spatial  distributions  of  the  two  distinct  variants  of  the  entire  P  fiber  (in  either 
red  or  blue),  as  well  as  the  Goss  (green)  and  cube  (yellow)  orientations.  The  locations  of 
boundaries  of  disorientation  >  40°  are  also  highlighted  (white).  It  should  be  noted  that 
the  high-angle  boundaries  tend  to  align  with  RD  and  tend  to  separate  regions  belonging  to 
the  two  P  fiber  variants.  The  discrete  pole  figures  in  Figure  3.3(c)  show  the  highlighted 
orientations  corresponding  to  those  in  (b).  The  large  number  of  low-angle  boundaries  in 
the  0°-5°  bin  of  the  disorientation  histogram  in  Figure  3.3(d)  is  indicative  of  a 
defonnation-induced  microstructure. 

Annealing  of  the  rolled  material  was  conducted  at  various  temperatures.  The 
initial  recovery  stage  of  annealing  involves  only  dislocation  rearrangement  or 
annihilation  and  thus  a  slight  softening  of  the  material.  More  severe  annealing 
temperature  will  result  in  nucleation  and  growth  of  new,  strain-free  grains  and  therefore 
have  a  more  dramatic  effect  on  hardness.  Figure  3.4  is  a  plot  of  hardness  (Rockwell  F 
Scale)  versus  time  for  annealing  of  this  material  at  various  temperatures.  It  can  be 
inferred  that  the  recrystallization  temperature  is  ~200°C  (0.35Tm)  for  annealing  times  of 
up  to  5hrs  from  examination  of  these  data.  Microstructural  investigations  for  selected 
annealing  conditions  were  also  conducted  to  confirm  this. 

Figure  3.5  presents  unique  grain  maps  for  selected  annealing  conditions.  The 

material  in  Figure  3.5(a)  had  been  annealed  for  5hrs  at  150°C.  The  elongated  features  in 

the  microstructure  suggests  the  predominance  of  recovery  by  dislocation  re-arrangement 

and  annihilation  for  this  annealing  treatment  [Ref.  97].  The  microstructure  after  annealing 

for  5hrs  at  200°C  is  distinctly  different  as  shown  in  Figure  3.5(b).  Coarser,  equi-axed 
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grains  due  to  recrystallization  have  replaced  the  elongated  structure  of  the  as-rolled 
material.  Grain  growth  does  not  become  apparent  until  this  material  is  annealed  at  450°C 
{compare  Figures  3.5(b),  (c)  and  (d)}. 
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Area-weighted  average  grain  area  values  were  also  detennined  for  this  annealing 


25  pm 

200 


(b) 


2  2  0 


(C) 

Figure  3.3.  Highlighted  OIM  grain  map  of  rolled  copper  from  Fig.  3.2.  In  (a), 
individual  texture  components  have  been  highlighted  and  annotated.  In  (b),  the  Pi 
(red)  and  P2  (blue)  fibers,  Goss  (green)  and  Cube  (yellow)  textures  have  been 
highlighted  along  with  boundaries  9>40°.  In  (c),  the  corresponding  highlighted 
discrete  pole  figure  is  provided.  In  (d),  the  disorientation  distribution  shows  a 
predominance  of  low-anele  boundaries. 
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study.  The  data  of  Figure  3.6  indicate  a  distinct  change  in  grain  area  upon  increasing  the 
annealing  temperature  from  150°C  to  200°C,  but  no  grain  area  difference  in  material 
annealed  at  200°C  as  compared  to  that  annealed  at  300°C.  Significant  grain  growth  at 
temperatures  exceeding  450°C  is  also  evidenced  by  the  order  of  magnitude  increase  in 
grain  area  for  annealing  at  this  temperature. 

Texture  data  for  this  annealing  study  are  shown  Figure  3.7.  Discrete  pole  figures 
corresponding  to  the  regions  examined  in  Figures  3.5(a)-(d)  are  shown  in  Figures  3.7(a)- 
(d).  These  data  provide  further  support  for  the  predominance  of  recovery  up  to  150°C,  in 
that  the  deformation  texture  of  the  as-rolled  condition  is  retained,  and  that 


Figure  3.4.  Hardness  of  rolled  copper  as  a  function  of  time  and  temperature.  The 
recrystallization  temperature  is  ~200°C  (0.35Tm),  below  which,  recovery  dominates. 

recrystallization  occurred  during  the  200°C  anneal,  in  that  a  more  nearly  random  texture 

developed.  An  accurate  assessment  of  the  presence  or  absence  of  a  preferred 

recrystallization  texture  could  not  be  made  in  the  material  annealed  at  450°C  due  to  the 

limited  number  of  grains  present  in  Figure  3.7(d).  Therefore  a  larger  area  (1mm  X  1mm 

in  extent)  was  subsequently  scanned  in  this  same  material  and  found  to  exhibit  have  the 

two  C  (or  Copper)  and  four  S  texture  variants  as  the  preferred  orientations  after 

recrystallization.  Very  little  of  the  cube  orientation  is  evident  in  Figure  3.7(e).  A  similar 

region  was  examined  for  material  annealed  at  600°C  and  was  found  to  have  a  sharpened 

C  and  S  variants  and,  again,  almost  none  of  the  cube  orientations,  seen  in  Figure  3.7(f). 
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These  results  are  consistent  with  other  published  recrystallization  texture  data  for  pure 
copper  [Ref.  135]. 

The  disorientation  distributions  for  the  rolled  and  annealed  conditions  were  also 
investigated  and  the  results  are  presented  in  Figure  3.8.  A  predominantly  recovered  state 
is  indicated  in  Figure  3.8(a)  for  material  annealed  at  150°C  for  5hrs  by  the  large  number 
of  low-angle  boundaries.  Recrystallization  but  with  little  grain  growth  is  evident  in  (b) 
and  (c)  for  material  annealed  at  200°C  and  300°C,  respectively,  by  the  appearance  of  a 
more  random  distribution  and  the  large  high-angle  peak  resulting  from  annealing  twins. 
The  effects  of  the  preferred  recrystallization  orientations  on  the  disorientation 
distributions  can  be  seen  in  the  higher  temperature  anneals  of  450°C  and  600°C  in  (d)  and 
(e),  respectively,  along  with  the  retention  of  the  annealing  twins. 

Tension  tests  were  conducted  at  either  150°C  or  250°C,  and  at  a  constant  nominal 
strain  rate  of  10'3  sec'1  in  order  to  investigate  the  effects  of  uniaxial  elevated  temperature 
defonnation  on  microstructure  and,  especially,  on  the  texture.  These  deformation 
temperatures  were  selected  to  be  either  below  or  above  the  recrystallization  temperature 
for  this  material,  and  grain  growth  following  recrystallization  was  avoided  by  conducting 
tensile  deformation  at  250°C.  The  stress-strain  data  are  illustrated  in  Figure  3.9  for  each 
condition.  The  material  deformed  at  150°C  exhibited  a  peak  in  flow  stress  at  a  strain  of 
about  0.02,  followed  by  strain  softening  accompanied  by  diffuse  necking.  Localized 
necking  began  at  a  strain  of  about  0.12  and  was  followed  by  failure.  The  material 
deformed  at  250°C  exhibited  a  much  reduced  yield  strength  and  therefore  substantial 
strain  hardening  and  elongation  prior  to  the  onset  of  necking.  Uniform  elongation  for 
material  defonned  at  250°C  corresponded  to  a  true  strain  of  approximately  0.45. 

Microstructure  and  texture  data  for  tensile  deformation  parallel  to  RD  at  150°C 
are  presented  in  Figure  3.10.  This  sample  was  defonned  to  failure  and  diffuse  necking 
had  commenced  at  -0.02  plastic  strain.  Comparison  of  Figure  3.10(a)  to  Figure  3.5(a) 
reveals  that  defonnation  results  in  a  more  nearly  equi-axed  fine  structure.  The 
defonnation  texture  of  the  as-rolled  material,  or  of  the  rolled  and  annealed  material,  is 
still  evident,  as  seen  in  Figure  3.10(b).  The  characteristic  low-angle  peak  in  the 

disorientation  distribution  for  a  deformation-induced  microstructure  is  seen  in  Figure 
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Figure  3.5.  OIM  grain  maps,  with  a  2°  grain  boundary  tolerance,  for  pure  copper  after 
rolling  to  stme~2.5  and  annealing  for  5hrs.  at  (a)  150°C,  the  deformation  microstructure 
is  retained;  (b)  200°C,  recrystallization  has  occurred;  (c)  300°C,  little  grain  growth  is 
apparent;  and  (d)  450°C,  showing  substantial  grain  growth. 

3.10(c).  Examination  of  the  highlighted  IQ  map  in  Figure  3.10(d)  reveals  that  the  grains 
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Figure  3.6.  Area  weighted  average  grain  size  [pm  ]  of  pure  copper  after  rolling  to 
£truc~2.5  and  annealing  for  5hrs  at  various  temperatures. 

still  tend  to  be  elongated  in  the  RD,  and  the  banding  of  the  structure  developed  during 

rolling  and  retained  during  annealing  alone  is  also  retained  during  deformation.  High- 

angle  boundaries  separate  the  variants  of  the  P  fiber.  Altogether  these  data  indicate  the 

predominance  of  recovery  during  deformation  of  the  material  under  these  conditions. 

The  band  structure  is  retained  and  the  bands  are  similar  in  thickness  as  those  seen  in 

material  in  the  as-rolled  condition  {Figure  3.3(b)}.  A  build-up  of  low-angle  boundaries 

within  the  bands  is  evidenced  by  the  more  nearly  equi-axed  appearance  of  the  grain  map 

in  Figure  3.10(a).  Low-angle  boundaries  of  >  2°  disorientation  will  give  a  color  change  in 

the  OIM  grain  map  and  so  the  more  equi-axed  structure  after  deformation  may  reflect  a 

build-up  of  dislocations  within  boundaries  transverse  to  the  RD.  It  should  be  noted  that  a 

gradual  lattice  curvature  resulting  in  a  build  up  of  disorientation  over  a  long  range  may 

not  be  detected  in  grain  maps  with  a  2°  tolerance  angle. 

3  1 

Tension  tests  were  also  conducted  to  failure  at  10"  sec'  and  250°C  with  the 
tensile  axis  aligned  with  RD.  Elongation  to  the  onset  of  necking  was  -57% 
(£tmePLASTic~0.45).  The  resultant  microstructure,  seen  in  Figure  3.1 1(a),  is  similar  to  that 
produced  during  static  annealing.  However,  the  weak  texture  of  the  recrystallized 
condition  has  been  replaced  by  a  double  fiber  texture  having  <002>  or  <11 1> 
components  (where  the  notation  is  <direction  aligned  with  the  fiber  axis>).  Grains  having 
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orientations  corresponding  to  either  of  these  two  fibers  have  many  equally  stressed  slip 
systems  under  uniaxial  tension.  There  are  six  equally  stressed  <11 0>  {111}  fee  slip 
systems  for  the  <11 1>  fiber  and  eight  equally  stressed  <11 0>  {111}  fee  slip  systems  for 
the  <002>  fiber  orientation.  Grains  having  either  of  these  orientations  will  therefore 
exceed  the  Taylor  requirement  of  at  least  five  slip  systems  for  compatible  deformation 
[Ref.  40].  The  peak  at  60°  in  the  disorientation  distribution,  Figure  3.11(c),  can  be 
attributed  to  annealing  twins.  Comparison  of  the  highlighted  IQ  map,  Figure  3.11(d),  to 
the  unique  grain  color  map  of  Figure  3.11(a)  reveals  that  the  (sub)grains  fonn  clusters 
that  are  contained  within  a  fiber  and  the  (sub)grains  are  separated  by  a  low-angle 
boundary,  highlighted  in  green,  thus  resulting  in  the  low-angle  peak  in  (c).  The  high- 
angle  boundaries  seen  in  (d)  are  generally  the  boundaries  between  the  grains  oriented  in 
one  or  the  other  of  the  two  fibers.  It  should  be  noted  that  the  disorientation  distribution 
for  an  ideal,  single-component  fiber  texture  has  a  constant  number  fraction  equal  to 
0.077.  Thus,  there  is  a  statistical  probability  that  some  high-angle  boundaries  will  always 
be  present  even  with  such  a  fiber  texture. 
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Figure  3.7.  Discrete  pole  figures  corresponding  to  Figures  3.4(a)-(d)  for  pure  copper 
after  rolling  to  Strue~2.5  and  annealing  for  5hrs.  at  (a)  150°C,  the  deformation  texture  is 
retained;  (b)  200°C;  (c)  300°C;  and  (d)  450°C,  all  showing  a  diffuse  defonnation 
texture.  Discrete  pole  figures  from  a  1mm  X  limn  area  investigated  for  the  rolled 
copper  after  a  5hr.  anneal  at  (e)  450°C  and  (f)  600°C  showing  remnants  of  the 
defonnation  texture  with  an  increased  concentration  near  the  C  texture  orientations. 
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Figure  3.8.  Disorientation  distributions  for  pure  copper  after  rolling  to  Strue~2.5  and 
annealing  for  5hrs  at  (a)  150°C  showing  a  defonnation  induced  distribution  with  many 
low-angle  boundaries;  (b)  200°C,  (c)  300°C,  (d)  450°C  and  (e)  600°C  all  showing 
evidence  of  recrystallization. 
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Figure  3.9.  Stress-Strain  plots  for  pure  copper  defonned  at  10'  sec'  at  constant 
temperatures.  In  (a),  the  engineering  stress-strain  curves  associated  with  plastic 
deformation  are  presented  for  150°C  and  250°C;  in  (b),  the  true  stress-true  plastic 
strain  curves  are  presented  for  the  same  temperatures. 
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D.  DISCUSSION 

1.  As-Rolled  Pure  Copper 

As-rolled  copper  exhibits  elongated  grains  and  banded  microstructure  as  well  as 
the  presence  of  a  distinct  defonnation  texture;  such  a  microstructure  and  texture  are 
characteristic  of  fee  metals  deformed  by  rolling  at  low  temperatures  [Refs.  66-67]. 
Within  the  tolerances  employed  in  the  orientation  highlighting,  the  lattice  orientation  of 
the  bands  tends  to  alternate  between  the  two  symmetric  P  fiber  orientations  during  a 
traverse  along  the  ND.  Then,  the  high- angle  boundaries  tend  to  separate  bands 
corresponding  to  the  variants  of  the  P  fiber.  The  thickness  of  the  bands  is  -5  pm  based  on 
the  intersections  of  high- angle  interfaces  when  traversing  in  the  normal  direction  (ND). 

A  more  complete  analysis  of  deformation  banding  and  the  stability  of  the 
microstructure  and  texture  will  be  treated  in  a  subsequent  chapter.  Briefly,  the  presence 
bands  having  lattice  orientations  corresponding  to  the  alternating  variants  of  the  same 
texture  component  will  allow  plane  strain  defonnation  on  a  macroscopic  level  while 
requiring  fewer  slip  systems  to  be  active  within  an  individual  band  during  rolling 
defonnation.  This  is  less  than  the  five  independent  slip  systems  required  by  the  Taylor 
criteria  for  compatible  plastic  deformation  [Ref.  40],  However,  by  ananging  deformed 
and  elongated  regions  belonging  to  the  entire  P  fiber  in  an  alternating  pattern,  the  residual 
shear  terms  in  each  variant  average  out  and  a  region  having  such  a  pattern  may  defonn 
macroscopically  in  plane  strain. 

Grain  subdivision,  with  lattice  rotation  toward  a  P  fiber  texture  variant  orientation 
on  one  side  of  a  developing  boundary  and  a  different  P  fiber  variant  orientation  on  the 
opposite  side  of  the  boundary,  would  lead  eventually  to  the  microstructure  illustrated  in 
the  OIM  data  of  Figures  3.2  and  3.3.  Thus,  a  defonnation  banding  model  for  the 
defonnation  microstructure  of  an  fee  metal  includes  grain  subdivision  during  the 
defonnation  processing  with  the  development  of  bands  of  lattice  orientations  that 
alternate  between  various  P  fiber  variants  of  the  deformation  texture.  The  bands  that  are 
apparent  in  Figure  3.2(a)  are  ~5pm  in  thickness,  which  is  approximately  the  thickness 
expected  if  the  starting  grain  diameter  is  ~50pm  and  rolling  reduced  the  thickness  by 
-92%  (strue~2.5).  However,  investigations  into  deformation  banding  have  generally 
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shown  that  the  process  of  grain  subdivision  begins  at  much  smaller  strains  and  involves 
formation  of  several  bands  within  each  prior  grain  [Refs.  32-37].  The  prior  boundaries 
are  indistinguishable  in  Figure  3.2(a)  and  so  it  would  be  necessary  to  examine  the 
evolution  of  defonnation  banding  during  rolling  in  order  to  assess  the  interaction  between 
the  bands  and  the  prior  grains. 

2.  As-Rolled  and  Annealed  Condition 

Results  similar  to  those  presented  for  as-rolled  material  were  obtained  following 
annealing  below  the  recrystallization  temperature  (~200°C).  Details  will  not  be  presented 
here  and  the  results  will  be  summarized;  briefly,  the  band  structure  was  essentially 
unaltered  from  that  of  the  as-rolled  condition  although  a  more  equi-axed  cellular 
(sub)structure  became  apparent  during  annealing.  The  (sub)grains  appear  to  be  1-2 pm  in 
size  and  can  be  observed  in  Figure  3.5(a).  Thus,  dislocation  rearrangement  has  taken 
place  and  this  is  evident  in  the  form  of  more  distinct  low-angle  boundaries  within  each 
band.  The  large  disorientations  associated  with  interfaces  between  variants  having  P  fiber 
orientations  are  still  present  after  annealing.  These  high-angle  boundaries  are  a  direct 
result  of  the  prior  rolling  deformation  and  did  not  develop  during  subsequent  annealing  of 
the  material. 

Annealing  of  the  deformed  copper  above  the  recrystallization  temperature 
resulted  in  nucleation  and  grain  growth  by  long-range  migration  of  high-angle 
boundaries.  The  retention  of  orientations  associated  with  the  prior  rolling  defonnation  is 
still  evident  at  the  highest  annealing  temperatures  in  this  work.  The  absence  of  a  large 
volume  fraction  of  cube-oriented  grains  in  this  annealed  copper  may  be  attributed  to  a 
lack  of  suitable  cube  nuclei  [Ref.  136].  Then,  the  retention  and  development  of 
prominent  C  type  orientations  is  observed  [Ref.  67]. 

3.  Deformation  of  a  Banded  Microstructure 

After  deformation  the  microstructure  remains  banded  and  the  deformation  texture 
is  retained.  The  microstructure  still  includes  high-angle  interfaces  between  bands  and  a 
cellular  structure  within  the  bands.  During  deformation  at  temperatures  below  the 
recrystallization  temperature,  recovery-controlled  rearrangement  of  dislocation  structures 
and  processes  such  as  glide  and  climb  allows  the  band  or  cell  to  remain  in  a  stable 
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orientation.  The  major  change  in  the  microstructure  is  the  increase  in  the  population  of 
sub-grain  boundaries.  The  lattice  orientation  within  the  bands  or  cells  on  either  side  of 
such  an  evolving  structure  is  envisioned  to  be  unaffected  during  such  a  process,  which  is 
consistent  with  the  stability  of  the  texture. 

Defonnation  occurring  above  the  recrystallization  temperature  results  in  larger 
microstructural  and  microtextural  changes  in  the  material.  The  results  (Figure  3.11) 
suggest  that  the  deformation  is  predominately  by  dislocation  deformation  processes. 
Under  dislocation  creep  conditions  a  distinct  <11 1>  fiber  texture  fonned  during 
deformation  of  a  5083  alloy,  which  had  a  fine,  recrystallized  grain  size  and  a  random 
initial  texture  after  TMP  to  make  this  material  superplastic.  A  weak  <002>  fiber  was  also 
reported  [Ref.  137].  Examination  of  the  discrete  (002)  and  (111)  pole  figures  in  Figure 
3.11(b)  reveals  that  <002>  and  <11 1>  fibers  are  both  distinct.  Texture  modeling  will  be 
employed  later  in  this  study  to  examined  texture  evolution  during  uniaxial  deformation  of 
various  initial  textures. 
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IV.  MICROSTRUCTURE  OF  ROLLED  PURE  ALUMINUM 


A.  INTRODUCTION 

Orientation  Imaging  Microscopy  (OIM)  data  will  be  presented  that  demonstrates 
the  presence  of  deformation  bands  but  at  a  coarser  scale  than  observed  in  the  rolled 
copper  portion  of  this  research  (Chapter  III).  Nominally  pure  aluminum  will  be 
examined  in  the  as-rolled  condition  and  after  subsequent  annealing  treatments.  High- 
angle  boundaries  will  be  shown  to  be  the  interfaces  separating  the  symmetric  variants  of 
the  P  fiber  in  the  as-rolled  condition. 


B.  EXPERIMENTAL  PROCEDURES 

The  aluminum  obtained  for  this  study  was  commercially  pure,  nominally  greater 
than  99%  purity  [Ref.  138],  This  material  was  obtained  in  plate  form,  from  which  bars, 
29.2mm  square  and  150mm  in  length,  were  machined.  Chemical  analysis  of  the 
composition  is  provided  in  Table  4.1.  Recrystallization  annealing  was  perfonned  at 
330°C  (0.64Tm)  for  lhr  in  air,  with  an  additional  15min  soak  time  to  assure  temperature 
equilibration.  The  thin,  protective  oxide  layer  was  not  removed  after  annealing.  The 
initial  thickness,  t0,  prior  to  rolling,  was  29.2mm. 


A1 

Si 

Fe 

Cu 

Mg 

Zn 

99.72 

0.04 

0.20 

0.01 

0.01 

0.02 

Table  4. 1 .  Composition  (wt.%)  for  the  as-received  aluminum. 


Rolling  was  conducted  at  room  temperature  (~0.3  lTm)  with  sufficient  interpass 
time  to  allow  the  material  to  return  to  room  temperature  following  heating  due  to 
adiabatic  deformation  during  each  rolling  pass.  The  rolling  schedule  corresponding  to  a 
reduction  of  0.1  (true  strain)  per  pass.  The  aluminum  was  rolled  to  strue~2.5  for 
comparison  with  the  copper  data  that  was  presented  in  Chapter  III.  A  sample  of  the 
rolled  aluminum  was  also  subsequently  annealed  at  330°C  for  5hr.,  again  for  comparison 
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with  the  copper  and  with  accepted  recrystallization  textures  [Ref.  67].  Sample 
preparation  consisted  of  mechanical  polishing  outlined  in  Chapter  II.  SEM  samples  were 
electropolished  in  a  20%  perchloric  acid,  80%  ethanol  electrolyte  solution  at  35VDC  for 
20sec.  The  electrolyte  was  initially  cooled  to  -25°C. 


C.  RESULTS 

Data  will  be  presented  for  pure  aluminum  in  the  following  conditions:  prior  to 
rolling;  as-rolled;  and  rolled  and  annealed. 

Figure  4.1  represents  data  from  pure  aluminum  after  the  initial  annealing 
treatment  at  330°C  for  lhr.  Figure  4.1(a)  is  an  OIM  unique  grain  color  map  with  a 
tolerance  angle  set  to  2°.  This  map  includes  superimposed  IQ  gray  tones.  The  average 
grain  diameter  was  found  to  be  ~  100pm,  and,  following  the  work  of  Duggan  and  Lee 
[Ref.  32],  should  be  sufficient  to  support  the  fonnation  of  defonnation  bands  upon 
rolling.  The  discrete  pole  figures  in  Figure  4.1(b)  show  the  presence  of  a  weak  cube 
texture,  which  is  common  in  recrystallized  aluminum  [Ref.  67].  The  disorientation 
distribution  in  Figure  4.1(c)  is  consistent  with  the  presence  of  a  weak  recrystallization 
texture  and  appears  to  consist  of  a  random  disorientation  component  (as  defined  by 
MacKenzie  [Ref.  135])  with  additional  populations  of  low  (0°-10°)  and  high  (55°-65°) 
boundaries. 

Figure  4.2  illustrates  the  data  obtained  from  the  aluminum  in  the  as-rolled 
condition  for  a  reduction  corresponding  to  stme~2.5.  A  unique  grain  color  map  is 
presented  in  Figure  4.2(a),  which  shows  the  grain  elongation  in  the  RD.  The  discrete  pole 
figures  in  Figure  4.2(b)  depict  an  incomplete  fee  deformation  texture  [Refs.  66-67,  126]. 
A  complete  deformation  texture  was  found,  but  only  when  the  sample  was  examined  over 
distances  in  excess  of  1000pm  in  ND.  These  data  are  not  included  here.  The 
disorientation  distribution,  Figure  4.2(c),  exhibits  a  low-angle  peak  at  0°-5°  that  is 
consistent  with  the  presence  of  subgrains  in  a  deformation-induced  microstructure. 
Figure  4.2(d)  is  an  IQ  map  with  superimposed  highlighting  (in  red  or  blue)  to  illustrate 
the  spatial  distributions  of  the  texture  components  belonging  to  the  [!  fiber.  The  separate 

variants  of  the  P  fiber  are  highlighted  in  different  colors.  Finally,  the  white  lines  indicate 
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Figure  4.1.  OIM  data  of  pure  aluminum  after  annealing  for  lhr  at  330°C  prior  to 
rolling.  In  (a),  a  unique  grain  color  map  with  a  grain  tolerance  angle  of  2°;  (b)  discrete 
pole  figures  showing  a  weak  cube  recrystallization  texture;  and  (c)  disorientation 
distribution  histogram.  The  average  grain  diameter  is  ~  100pm. 

the  locations  of  boundaries  of  >50°  disorientation.  The  high-angle  boundaries  tend  to 
align  with  RD  and  to  separate  P  fiber  variants. 

Annealing  of  this  rolled  aluminum  was  conducted  at  330°C  (0.64Tm)  for  5hrs.  A 

large  area  (1mm  X  1mm)  was  examined  and  found  to  have  prominent  cube  and  weaker  C 

texture  components.  Figure  4.3(a)  is  a  unique  grain  color  map  showing  a  recrystallized 

grain  structure  with  an  average  grain  diameter  ~50pm.  The  discrete  pole  figures  in 

Figure  4.3(b)  have  been  highlighted  to  show  the  cube  (green)  and  two  C  (red  or  blue) 
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Figure  4.2.  OIM  data  for  pure  aluminum  after  rolling  to  stme~2.5.  In  (a),  unique  grain 
color  map  with  a  2°  tolerance;  (b)  discrete  pole  figures  with  the  present  components  of 
the  symmetric  P  fibers  highlighted  in  either  blue  or  red;  (c)  disorientation  histogram 
with  the  low-angle  peak  indicating  a  deformation  structure;  (d)  IQ  only  map  with  the 
locations  of  the  symmetric  variants  of  the  P  fibers  corresponding  to  the  pole  figures  in 
(b),  highlighted  blue  or  red  and  white  highlighting  boundaries  in  excess  of  50° 
disorientation.  A  complete  deformation  texture  observed  when  traverse  in  excess  of 
1000pm  in  ND. 

texture  components.  The  cube  component  is  generally  expected  after  annealing 

aluminum  [Ref.  67].  The  positions  of  the  texture  components  have  been  correspondingly 
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highlighted  on  the  IQ  map  in  Figure  4.3(c)  along  with  the  locations  of  the  high-angle 
(50°<9<62.8°)  boundaries,  which  have  been  highlighted  in  white.  The  high-angle 
boundaries  are  now  seen  to  have  no  preferred  alignment  direction.  The  disorientation 
distribution  histogram  in  Figure  4.3(d)  is  almost  exactly  that  predicted  by  MacKenzie 
[Ref.  135], 
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Figure  4.3.  OIM  data  for  pure  aluminum  after  rolling  to  stme~2.5  and  annealing  at 
330°C  for  5hrs.  In  (a),  unique  grain  color  map  with  a  2°  tolerance;  (b)  discrete  pole 
figures  with  the  symmetric  variants  of  the  C  texture  component  highlighted  in  either 
blue  or  red  and  the  cube  component  in  green;  (c)  IQ  only  map  with  the  locations  of  the 
symmetric  C  variants  and  cube  component  corresponding  to  the  pole  figures  in  (b), 
highlighted  and  white  highlighting  boundaries  in  excess  of  50°  disorientation;  (d) 
disorientation  histogram  tending  toward  the  MacKenzie  distribution  for  random  cubes. 
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D.  DISCUSSION 

1.  As-Rolled  Pure  Aluminum 

The  as-rolled  aluminum  exhibits  grain  elongation  in  the  rolling  direction  (RD) 
and  a  banded  microstructure  in  which  the  bands  are  also  aligned  with  the  RD.  A 
deformation  texture  which  is  characteristic  of  fee  metals  deformed  by  rolling  at  low 
temperatures  [Refs.  66-67,  126]  is  also  evident  although  a  complete  and  symmetric 
defonnation  texture  is  not  observed  unless  areas  extending  at  least  40%  of  the  sample 
dimension  along  ND  are  evaluated.  This  is  in  contrast  to  the  copper  data  of  Chapter  III. 
Complete  rolling  textures  were  observed  in  relatively  smaller  volumes  and  the  thickness 
of  the  bands  that  correspond  to  the  alternating  variants  of  the  P  fiber  is  about  0.1  of  the 
band  thickness  observed  for  the  pure  aluminum  even  though  the  rolling  reductions  were 
identical.  However,  the  aluminum  and  copper  data  both  include  the  alternating  lattice 
orientation  of  the  bands  along  the  ND  wherein  the  lattice  orientation  alternates  between 
the  orientations  of  the  two  symmetric  P  fibers,  and  that  these  symmetric  variants  of  the  P 
fibers  are  separated  by  a  high-angle  boundary. 

The  differences  between  aluminum  and  copper  suggest  that  a  deformation¬ 
banding  model  will  have  to  include  material-specific  parameters  that  would  affect  the 
final  band  thickness  for  a  given  strain.  These  parameters  should  include  a  terms  relating 
to  the  stacking  fault  energy  of  the  material  and  a  temperature  dependent  parameter 
relating  the  defonnation  temperature  to  the  absolute  melting  temperature. 

2.  As-Rolled  and  Annealed  Condition 

Following  annealing  of  aluminum  at  a  homologous  temperature  of  0.64Tm  to  the 
most  severe  annealing  temperature  of  the  copper  study,  also  0.64Tm,  a  large  volume 
fraction  of  cube  oriented  material  was  found  to  be  present,  which  is  expected  for  this 
material  [Ref.  67].  Thus,  this  material  exhibited  the  development  of  a  cube 
recrystallization  texture  with  the  retention  of  diffuse  preferred  orientations  near  the  C 
component  variants.  Finally,  examination  of  the  pole  figures  of  Figure  4.3(b)  and 
disorientation  histogram  in  Figure  4.3(d)  reveals  the  presence  of  a  large  random 
component  to  the  recrystallization  texture. 
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V.  MICROSTRUCTURE  OF  ROLLED  SUPRAL2004 


A.  INTRODUCTION 

Highly  refined  and  stable  grain  sizes  and  grain  boundaries  that  resist  tensile 
separation  during  elevated  temperature  deformation  are  required  for  superplasticity.  In 
wrought  aluminum  alloys,  grain  refinement  for  superplasticity  can  only  be  achieved  by 
defonnation  and  recrystallization.  At  least  two  distinct  thermomechanical  processing 
(TMP)  routes  have  been  developed  to  enable  superplastic  response  in  aluminum  alloys. 
The  current  understanding  of  the  microstructural  transfonnations  associated  with  such 
TMPs  has  recently  been  reviewed  [Refs.  64,  137].  The  process  of  interest  in  the  present 
work  involves  the  continuous  recrystallization  (CRX)  reaction  in  Supral  2004  [Refs.  139- 
140].  For  as-cast  material,  the  TMP  consists  of  severe  deformation  by  hot  and  cold 
rolling  under  conditions  that  allow  the  retention  of  fine  second-phase  particles  of  the 
AfiZr  phase.  These  particles  hinder  dislocation  rearrangement  and  the  formation  and 
migration  of  boundaries,  thereby  leading  to  a  predominance  of  recovery  in  the  continuous 
recrystallization  reaction  [Ref.  68],  Materials  that  undergo  continuous  recrystallization, 
such  as  Supral  2004,  generally  retain  well-defined  deformation  textures  and  develop 
bimodal  disorientation  distributions  [Refs.  69-71].  The  phenomenon  of  deformation 
banding  has  received  only  limited  attention  in  alloys  of  high  solute  content  and  its  role  in 
the  development  of  grain  boundaries  during  continuous  recrystallization  has  not  been 
addressed. 

Orientation  Imaging  Microscopy  (OIM)  and  transmission  electron  microscopy 
(TEM)  data  will  be  presented  that  demonstrates  the  presence  of  deformation  bands  in  as- 
processed  and  processed  and  annealed  Supral  2004.  The  high-angle  boundaries  that 
support  superplasticity  in  this  material  will  be  shown  to  form  as  the  interfaces  between 
bands  having  lattice  orientations  corresponding  to  the  symmetric  variants  of  the  main 
texture  component.  This  work  provides  support  for  the  role  of  defonnation  banding 
formation  of  high-angle  boundaries  during  continuous  recrystallization  of  superplastic 
aluminum  alloys  such  as  Supral  2004.  Furthennore,  the  macro-  and  micro-texture  data  as 
well  as  the  disorientation  results  cannot  be  interpreted  in  terms  of  conventional  models 
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for  development  of  superplastic  microstructures  in  such  alloys  [Refs.  141-143].  Finally, 
the  DB  model  will  be  extended  to  interpret  the  response  evolution  of  such  a  banded 
microstructure  during  deformation  within  the  superplastic  regime. 


B.  EXPERIMENTAL  PROCEDURES 

Supral  2004  material  was  obtained  as  2.0mm  sheet  in  the  as-processed  condition 
from  Superfonn-USA,  Inc.  Chemical  composition  data  are  provided  in  Table  5.1. 
Details  of  processing  are  proprietary;  chill  casting  is  employed  to  avoid  formation  of 
primary  AFZr  and  subsequent  homogenization  treatments  are  conducted  at  lower  than 
nonnal  temperatures  to  inhibit  precipitation  of  Zr.  Deformation  processing  by  hot  rolling 
to  a  strain  of  about  2.0  is  then  followed  by  cold  cross  rolling  to  an  additional  strain  of 
about  1.0.  The  as-processed  material  exhibits  a  tensile  elongation  of  about  800%  upon 
heating  and  straining  at  450°C  and  strain  rates  up  to  10'“  sec'  . 


Cu 

Zr 

Fe 

Si 

Zn 

Mn 

Mg 

Ti 

Li 

A1 

Cast  # 

5.66 

0.37 

0.14 

0.06 

0.29 

0.013 

0.003 

0.005 

0.0001 

Bal. 

2004F013 

Table  5.1.  Alloy  composition  (wt.%)  for  the  as-received  Supral 
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Tensile  coupons  with  12.5mm  gage  length  were  machined  from  the  rolled  sheet 
with  the  tensile  axis  parallel  to  either  the  final  cold  rolling  direction  of  the  sheet  (RD)  or 
the  final  transverse  direction  (TD).  Tensile  tests  were  performed  along  at  a  constant 
strain  rate  of  10'2  sec'1  at  450°C,  ensuring  superplastic  deformation.  Sample  preparation 
consisted  of  mechanical  grinding  presented  in  Chapter  II.  The  final  step  for  SEM 
examination  consisted  of  electropolishing  with  perchloric  acid  (20%)  and  ethanol  (80%) 
solution  at  35V  for  20s  cooled  to  an  initial  temperature  of  -25°C.  The  TEM  samples  were 
thinned  to  perforation  using  the  Fischione  Twin  Jet  Polisher  operated  at  15V  with  a  33% 
nitric  acid  and  67%  methanol  electrolyte  solution  cooled  to  -25°C. 
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C.  RESULTS 

Microstructural  and  texture  data  for  Supral  2004  will  be  summarized  for  material 
in  the  following  conditions:  as-received;  annealed  at  450°C  for  6  hours;  and  defonned  in 
the  superplastic  regime  at  450°C  and  a  strain  rate  of  10'”  sec'  to  either  110%  or  200% 
elongation  in  the  RD,  and  107%  in  the  TD.  Figure  5.1(a)  illustrates  the  as-received 
microstructure  of  this  material.  This  OIM  grain  map  reflects  severe  cold  deformation  in 
the  final  stage  of  the  TMP  [Refs.  144-146]  and  the  formation  of  elongated  grains  aligned 
with  the  RD.  A  coarse  dispersion  of  ©(AfiCu)  particles  ranging  in  size  from  0.5pm  to 
4pm  is  also  evident  where  there  is  low  Kikuchi  image  quality  (i.e.  dark  gray  regions). 
The  particles  also  tend  to  be  elongated  in  the  rolling  direction.  The  OIM  grain  maps  are 
consistent  with  previously  published  backscatter  electron  micrographs  [Refs.  145-146]. 
Figure  5.1(b)  illustrates  the  bimodal  distribution  of  disorientations. 

In  Figure  5.1(c),  the  pole  figure  data  are  plotted  and  orientations  that  are  within 
15°  of  each  of  the  two  variants  of  the  main  B  texture  component,  which  are  (11 0)[  112] 
and  (01 1  )[2 1 1  ],  are  highlighted  in  either  red  or  blue.  Figure  5.1(d)  is  an  alternative 
representation  of  the  grain  map  of  Figure  5.1(a)  in  the  fonn  of  an  image  quality  (gray 
tones)  map  that  has  been  plotted  with  the  highlighted  locations  corresponding  as  well 
with  these  same  two  variants  of  the  B  texture  component.  Altogether,  these  data  show 
that  the  microstructure  is  formed  by  adjacent  bands  of  alternating  lattice  orientations 
corresponding  to  the  two  variants  of  the  main,  B  texture  component  that  are  separated  by 
distinct  high-angle  (5O°>0>62.8°)  boundaries  also  highlighted  in  Figure  5.1(d),  or  by  a 
narrow  transition  region.  The  transition  region  may  represent  an  area  of  continuous 
lattice  curvature  associated  with  dislocations  arrays  of  like  sign,  or  this  region  may 
contain  smaller,  discrete  cells  separated  by  low-angle  boundaries.  The  limit  of  resolution 
of  the  OIM  technique  is  approximately  0.2pm  and  so  definite  conclusions  cannot  be 
made  regarding  the  details  of  the  transition  region.  However,  as  indicated  in  Figures 
5.1(e)  and  (f),  which  were  obtained  by  linear  queries  in  the  normal  direction  (ND)  at 
positions  1  and  2  on  Figure  5.1(d),  the  lattice  orientation  varies  throughout  these  regions 
and  tends  to  be  substantially  different  than  either  texture  variant. 
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Disorientation  Angle  [°] 


Distance  [|jm]  Distance  [pm] 

(e)  (f) 

Figure  5.1.  (a)  An  OIM  unique  grain  color  map,  wherein  neighboring  pints  of 

disorientation  <2°  are  assigned  the  same  grain  color,  with  superimposed  image 
quality,  (b)  Disorientation  histogram  for  the  region  examined,  (c)  Discrete  pole 
figures,  with  the  symmetric  variants  of  the  B  texture  component  highlighted  in  either 
red  or  blue,  (d)  IQ  only  map  with  the  positions  of  the  symmetric  variants  highlighted 
corresponding  to  the  pole  figure,  in  addition  to  boundaries  >50°  disorientation  are 
highlighted  in  yellow,  (e)  and  (f)  are  misorientation  plots  corresponding  to  the  linear 
traverses,  1  and  2,  seen  in  (d). 
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Annealing  of  the  as-received  material  for  6hrs  at  450°C  resulted  in  the 
development  of  a  unifonn,  fine  (sub)structure,  of  2.0-2.  lpm  mean  linear  intercept,  and 
which  exhibited  slight  elongation  in  the  rolling  direction.  Microtexture  data  indicated  that 
the  deformation  texture  of  the  as-received  material  remained  stable  during  this  annealing 
treatment  and  no  new  components  appeared.  While  several  components  along  the  P- 
fiber,  including  S  and  { 123}<634>,  were  present,  the  Brass  (B)  component,  { 1 1 0}<2 1 1>, 
and  nearby  orientations  related  to  B  by  rotations  about  the  sheet  nonnal  (i.e.  orientations 
lying  along  the  a- liber)  were  most  prominent  and  will  be  of  particular  concern  here. 

Figure  5.2(a)  illustrates  that  the  microstructure  of  the  material  after  an  annealing 
treatment  at  450°C  for  6hrs  consists  of  a  (sub)grain  structure  that  is  slightly  elongated  in 
the  RD  and  has  a  mean  linear  intercept  of  about  2.0pm.  The  pole  figure  data  are  plotted 
and  orientations  that  are  within  15°  of  each  of  the  two  variants  of  the  main  B  texture 
component,  which  are  (1 1 0)[  1 12]  and  (01 1)[2 11],  are  highlighted  in  either  red  or  blue  in 
Figure  5.2(b).  A  predominant  B  component  is  evident  in  the  (220)  pole  figure  in  the 
concentration  of  orientations  along  ND  and  in  the  (ill)  pole  figure  in  the  concentration 
of  orientations  near  the  transverse  direction  (TD).  The  corresponding  IQ  grain  map, 
Figure  5.2(c),  has  been  plotted  with  orientations  that  are  highlighted  corresponding  as 
well  with  these  same  two  variants  of  the  B  texture  component  in  Figure  5.2(b).  These 
data  show  that  the  microstructure  is  formed  by  adjacent  bands  of  alternating  lattice 
orientation  corresponding  to  the  two  variants  of  the  main,  B  texture  component.  The 
bands  are  elongated  along  the  RD  and  have  a  width  of  about  3  pm.  The  lattice  orientation 

of  the  bands  alternates  along  the  ND  according  to  the  pattern  .  Bi,  B2,  Bi,  B2,  ..., 

where  Bi  is  (1 10)[lT2]  and  B2  is  (01  l)[2Tl]. 
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Figure  5.2.  OIM  data  for  Supral  2004  after  annealing  at  450°C  for  6hrs.  In  (a),  an 
OIM  grain  map  with  superimposed  IQ.  The  pole  figure  in  (b)  has  been  highlighted  in 
red  and  blue  to  correspond  to  the  two  B  texture  variants.  An  IQ  only  map  in  (c)  is 
highlighted  to  show  the  positions  of  the  variants  and  high-angle  boundaries. 


Also  of  note  is  the  reduction  in  width  of  the  transition  regions,  or  even  absence  of 
such  regions,  separating  the  B  texture  components.  Accordingly,  the  texture  highlighted 
grain  maps  of  this  same  region  are  presented  with  the  high-  (50°-62.8°)  and  low-angle 
(2°-15°)  grain  boundaries  also  highlighted  in  Figures  5.2(c)  and  5.3(a)  respectively.  It 
can  be  seen  that  the  high-angle  boundaries  tend  to  separate  adjacent  bands  when  the 
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transition  regions  are  absent.  The  low-angle  boundaries  separate  regions  (cells)  within 
those  bands.  It  is  also  apparent  that  there  are  one  to  three  cells  along  the  width  of  each 
band,  and  the  cells  range  in  size  from  about  0.5pm  to  2pm.  The  cell  walls  tend  to  be 
aligned  mostly  perpendicular  to  the  RD  while  the  high-angle  boundaries  tend  to  align 
with  RD.  When  transition  regions  are  present,  as  annotated  in  regions  1  and  2  of  Figure 
5.3(a),  a  linear  traverse  in  the  ND  again  indicates  orientations  that  are  rotated  away  from 
the  main  texture  components,  as  shown  in  Figures  5.3(b)  and  (c). 

Figure  5.4  illustrates  the  TEM  investigations  of  the  annealed  material.  The  band 
structure  is  observed:  the  symmetric  variants  of  the  B-texture  component  are  separated  by 
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Figure  5.3.  OIM  grain  map  in  (a)  of  the  same  area  as  in  Fig.  5.2  with  the  low-angle 
boundaries  highlighted  in  yellow,  (b)  and  (c)  are  misorientation  plots  corresponding 
to  the  linear  traverses,  1  and  2,  seen  in  (a). 
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(a) 

Figure  5.4.  TEM  montage  in  (a)  of  Supral  2004  after  annealing  at  450°C  for  6hrs. 
The  positions  of  the  symmetric  variants  of  the  B  texture  corresponding  to  the 
highlighted  discrete  pole  figures  in  (b)  are  indicated  in  (a)  along  with  the  high-angle 
(9>50°)  boundaries,  indicated  by  red  lines. 
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high-angle  boundaries  roughly  aligned  with  the  RD.  These  bands  are  of  similar  thickness 
as  those  apparent  in  the  OIM  investigation.  The  bands  of  Figure  5.4  range  from  1  -5pm  in 
width  and  there  is  clearly  a  sub-structure  within  each  band.  The  sub-structure  comprises 
low-angle  boundaries.  Transition  regions  were  not  apparent  readily  in  the  region  of  the 
sample  investigated. 

A  distinct  bimodal  distribution  of  grain- to -grain  disorientation  angles  is  presented 
in  Figures  5.4(a)  and  (b).  Figure  5.4(a)  is  data  obtained  by  TEM  investigation  and  Figure 
5.4(b)  by  SEM  methods.  The  significant  difference  in  the  lowest  bin  is  due  to  the  angular 
resolution  afforded  by  CBED  in  the  TEM.  The  population  of  boundaries  of  0°-5° 
disorientation  is  larger  than  that  reported  previously  for  this  material,  but  otherwise  these 
data  consistent  with  previous  work  [Refs.  144-145], 


(a)  (b) 

Figure  5.5.  Disorientation  distributions  from  Supral  2004  after  being  annealed  at 
450°C  for  6hrs  from  (a)  TOCA  in  the  TEM  and  (a)  OIM  in  the  SEM. 


Defonnation  of  as-processed  material  was  conducted  on  samples  at  a  strain  rate  of 
10'2  sec'1  and  at  a  test  temperature  of  450°C.  The  test  coupons  were  machined  such  that 
the  tensile  axis  during  deformation  was  parallel  to  either  the  final  processing  cold  rolling 
direction  or  transverse  direction.  Samples  were  tension  tested  to  110%  and  200% 
elongation  in  RD  and  107%  in  TD,  which  is  substantially  below  the  failure  elongation  of 
approximately  1000%  for  these  conditions. 

The  OIM  grain  map  for  the  sample  elongated  110%  in  the  RD  is  provided  in 
Figures  5.6(a).  The  representative  pole  figures  (highlighted  in  red  and  blue)  and  the  IQ 
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the  grain  map  of  the  110%  RD  elongation  study  are  provided  in  Figures  5.6(b)  and  (c), 
respectively.  It  should  be  noted  that  the  size  of  the  region  investigated  is  larger  than  that 
in  the  cases  of  the  as-received  and  annealed  materials  due  to  grain  coarsening  of  the 
material  at  the  elevated  deformation  temperature.  Also  apparent  is  the  spreading  of  the 
orientations  about  the  main  texture  components.  The  corresponding  color-coded  grain 
map  in  Figure  5.6(c)  also  has  the  high-angle  grain  boundaries  highlighted.  This  map 
indicates  that  the  bands  evidently  do  not  coarsen  when  compared  to  the  as-received 
condition,  but  instead  remain  essentially  the  same  in  width.  Transition  regions  are  still 
evident.  These  transition  regions  (Figures  5.6(d)  and  (e))  may  now  be  the  result  of  the 
more  random  nature  of  the  texture  that  is  evident  in  the  pole  figures  (Figure  5.6(b)). 
The  TEM  data  also  confirm  the  retention  of  the  band  structure,  with  high-angle 
boundaries  separating  the  bands  as  seen  in  Figure  5.7.  Second  phase  particles  are  also 
seen  to  lie  along  these  high- angle  boundaries.  These  results  are  consistent  with  a 
prominent  contribution  random  grain  rotation  associated  with  defonnation  by  grain 
boundary  sliding. 

The  histograms  presented  in  Figure  5.8,  indicate  a  significant  decrease  in  the 
relative  number  of  low-angle  grain  boundaries  from  the  as-received  [5.12,5.13]  and 
annealed  conditions  [5.15].  The  TEM  data  {Figure  5.8(a)}  illustrates  the  retention  of  the 
bimodal  disorientation  distribution  while  the  SEM  data  indicate  an  increase  in  the  relative 
number  of  grain  boundaries  that  are  oriented  from  35°-50°  {Figure  5.8(b)}.  It  should  be 
noted  that  the  area  investigated  in  the  SEM  in  the  RD  is  four  times  that  investigated  in  the 
TEM.  This  peak  in  the  SEM  disorientation  histogram  is  in  the  same  range  as  predicted 
by  MacKenzie  for  randomly  oriented  cubes  [5.16].  This  indicates  a  slight  randomization 
of  the  texture  due  to  deformation  occurring  by  grain  boundary  sliding. 

The  sample  defonned  107%  in  the  TD  was  also  characterized  in  a  similar  manner 
but  with  the  exception  of  linear  traverses.  Figures  5.9(a)-(d)  represent  the  unique  grain 
color  map,  disorientation  histogram,  highlighted  pole  figures  and  IQ  map  with  the  high- 
angle  boundaries  highlighted  in  yellow.  This  condition  differs  slightly  from  the 
deformation  condition  aligned  with  RD  in  that  a  <1 1 1>  is  already  nearly  aligned  with  the 
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Figure  5.6.  (a)  OIM  unique  grain  color  map  for  Supral  2004  deformed  to  110% 
elongation  at  10'  sec'  and  450°C.  (b)  Discrete  pole  figures  with  the  symmetric 
variants  of  the  B  texture  highlighted  in  either  red  or  blue,  (c)  IQ  only  map  with  the 
positions  of  the  symmetric  texture  variants  highlighted  corresponding  to  the  pole 
figure  in  addition  to  boundaries  >50°  disorientation  are  highlighted  in  yellow,  (d)  and 
(e)  are  misorientation  plots  at  the  positions  labeled  in  (c). 


83 


(a) 


Figure  5.7.  TEM  montage  in  (a)  of  Supral  2004  after  deformation  at  450°C  and  10'2 
sec'1  to  110%  elongation  in  RD.  The  positions  of  the  symmetric  variants  of  the  B 
texture  corresponding  to  the  highlighted  discrete  pole  figures  in  (b)  are  indicated  in  (a) 
along  with  the  high-angle  (0>5O°)  boundaries  are  indicated  by  red  lines. 
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tensile  axis.  This  allows  for  a  sharpening  and  stabilization  of  the  texture.  Each  band  will 
be  able  to  defonn  through  three  equally  stressed  slip  systems. 


Figure  5.8.  Disorientation  distributions  from  Supral  2004  after  being  deformed  to 
110%  elongation  at  10'2  sec'1  and  450°C  from  (a)  TOCA  in  the  TEM  by  CBED 
analysis  and  (a)  OIM  in  the  SEM. 

The  sample  deformed  200%  in  the  RD  was  also  examined  in  the  same  manner. 
Figures  5.10(a)-(d)  correspondingly  represents  the  orientation  grain  map,  disorientation 
histogram,  pole  figures  and  texture  highlighted  grain  map  with  the  additional  highlighting 
of  the  high-angle  boundaries.  A  more  diffuse  distribution  of  orientations  is  evident  in  the 
pole  figures  but  the  predominant  B-type  texture  is  still  evident.  The  grain  coarsening 
previously  noted  in  material  defonned  1 10%  along  the  RD  has  apparently  ceased,  which 
is  in  keeping  with  the  low  mobility  of  HABs  in  a  continuously  recrystallized  material. 
Additionally,  the  band  widths  tend  to  remain  unaltered.  However,  a  break-up  of  the  well- 
defined  bands  is  taking  place,  presumably  due  to  the  contribution  of  grain  boundary 
sliding.  This  is  associated  as  well  with  the  further  increase  in  the  randomness  of  the  grain 
boundary  disorientations  in  this  microstructure.  The  predominantly  HAB  structure  also 
supports  the  evidence  of  grain  boundary  sliding  as  a  deformation  mechanism  during 
superplasticity. 

An  example  of  a  STEM  image  and  elemental  map  for  Zr  are  provided  in  Figure 
5.1 1(a)  and  (b)  respectively,  illustrating  the  presence  of  the  coarse,  second  phase  particles 
aligning  with  the  RD  in  the  annealed  condition.  Another  investigation  on  deformed 
material  revealed  similar  findings,  namely  that  the  large  second  phase  particles  evidenced 
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2  1* 

Figure  5.9.  Supral  2004  deformed  at  450°C  and  10'  sec'  with  the  tensile  axis  parallel 
to  the  TD  direction,  (a)  An  OIM  grain  map;  (b)  Misorientation  histogram  with  the 
bimodal  distribution;  (c)  Discrete  pole  figures  with  the  B  texture  components 
highlighted  in  red  or  blue;  (d)  IQ  only  grain  map  with  the  red  and  blue  highlighting 
corresponding  to  the  pole  figures  in  (c)  with  the  high-angle  (5O°<0<62.8°)  highlighted 
in  white. 


in  Figure  5.7(a),  tended  to  align  with  the  original  RD  with  some  coarsening  and  that  Zr 
containing  regions  were  found  at  the  high- angle  boundaries.  The  exact  composition  was 
not  determined. 
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Figure  5.10.  (a)  OIM  unique  grain  map  of  Supral  2004  deformed  to  200%  elongation 
in  RD.  (b)  Disorientation  histogram  showing  an  increased  fraction  of  high-angle 
boundaries  corresponding  to  the  MacKenzie  random  distribution,  (c)  Discrete  pole 
figures  showing  the  B  texture  components  becoming  more  diffuse.  Additionally,  the 
texture  components  are  highlighted  in  red  and  blue,  (d)  IQ  only  grain  map 
corresponding  to  the  highlighted  pole  figures  of  (c)  with  high-angle  boundaries 
highlighted  in  yellow. 
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(a)  (b) 

Figure  5.11.  STEM  image  in  (a)  of  Supral  2004  after  annealing  at  450°C 
elemental  map  in  (b),  from  the  region  in  (a)  indicated  by  the  red  square, 
tendency  of  the  Zr  concentrations  to  lie  along  the  grain  boundaries. 
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D.  DISCUSSION 

Superplasticity  requires  both  a  fine,  stable  grain  structure  and  high  angle 
boundaries  for  GBS  and  its  accommodation  mechanisms,  and  thermomechanical 
processes  involving  large-strain  deformation  and  recrystallization  are  necessary  in  order 
to  realize  such  microstructural  features  and  enable  superplasticity  in  aluminum  alloys. 
The  phenomenon  of  continuous  recrystallization  apparently  provides  the  necessary 
microstructures  and  results  in  highly  superplastic  response  in  alloys  such  as  Supral  2004. 
However,  the  mechanisms  involved  in  this  phenomenon  have  remained  unclear  and 
approaches  to  achieve  and  control  continuous  recrystallization  have  been  mainly 
empirical  in  nature.  The  OIM  and  TEM  data  of  this  research  have  illustrated  the 
importance  of  a  particular  mechanism,  defonnation  banding,  in  grain  refinement  and 
development  of  high-angle  boundaries  in  association  with  continuous  recrystallization 
after  TMP. 

1.  As-Rolled  Material 

The  as-rolled  Supral  2004  exhibits  an  elongated  and  banded  microstructure  and  a 
deformation  texture  with  a  predominant  B  component;  such  a  texture  is  characteristic  of 
FCC  metals  defonned  by  rolling  at  low  temperatures.  The  microtexture  data  for  the  as- 
received  material  are  consistent  with  X-ray  data  [Ref.  63]  and,  furthennore,  band-like 
features  are  apparent  in  the  OIM  and  TEM  data.  Within  a  tolerance  of  15°,  the  lattice 

orientation  of  the  bands  alternates  along  the  ND  according  to  the  pattern . ,  Bi,  B2,  Bi, 

Bi,  ...,  where  Bi  is  (11 0)[  112]  and  Bo  is  (01 1  )[2 1 1],  in  traverses  along  the  ND  on  the 
RD/ND  plane.  Here,  Bi  and  Bi  refer  to  the  symmetric  variants  of  the  B  texture 
component. 

The  analysis  of  Hirsch  and  Lucke  [Ref.  147]  and  McNelley  et  al.  [Ref.  63]  will  be 
treated  in  a  subsequent  chapter.  Briefly,  these  authors  illustrate  the  crystallography  of  the 
two  distinct  variants  of  the  B  texture  component  in  a  cubical  volume  of  fee  material 
having  B-type  lattice  orientations  and  defonned  in  plane  strain.  Defonnation  conditions 
are  such  that  the  material  deforms  on  only  two  slip  systems  under  a  Tucker-type  of  stress 
state  (cnd,nd  =  -ord,rd)  and,  except  for  an  additional  shear  strain  Srd,nd,  exhibit  plane 
strain  deformation  (snd.nd  =  -£rd,rd;  Std.td  =  0).  Thus,  by  ananging  defonned  and 
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elongated  regions  having  the  Bi  and  EB  variant  orientations  in  an  alternating  pattern  as 
illustrated  in  Figure  5.1(a),  the  shear  tenns  average  out  and  a  region  having  such  a  pattern 
may  deform  macroscopically  in  plane  strain. 

Grain  subdivision,  with  lattice  rotation  toward  the  Bi  variant  orientation  on  one 
side  of  a  developing  boundary  and  the  B2  variant  orientation  on  the  opposite  side  of  the 
boundary,  would  lead  eventually  to  the  microstructure  illustrated  in  the  OIM  data  of 
Figure  5.1(a).  Thus,  a  deformation  banding  model  for  the  deformation  microstructure  of 
Supral  2004  includes  grain  subdivision  during  the  prior  TMP  with  the  development  of 
bands  of  lattice  orientations  that  alternate  between  the  symmetric  variants  of  the 
defonnation  texture.  The  bands  that  are  apparent  in  Figure  5.1(a)  are  about  2.5pm  in 
thickness,  which  is  approximately  the  thickness  expected  if  prior  grains  that  are  initially 
50pm  in  size  prior  to  rolling  are  reduced  by  a  true  strain  of  3.0.  However,  investigations 
into  defonnation  banding  have  generally  shown  that  the  process  of  grain  subdivision 
begins  at  much  smaller  strains  and  involves  fonnation  of  several  bands  within  each  prior 
grain  [Refs.  32-37].  The  prior  boundaries  are  indistinguishable  in  Figure  5.1(a)  and  so  it 
would  be  necessary  to  examine  the  evolution  of  deformation  banding  during  rolling  in 
order  to  assess  the  interaction  between  the  bands  and  the  prior  grains. 

2.  Annealed  Material 

Following  annealing,  the  bands  have  a  thickness-to-length  aspect  ratio  of  10:1,  or 
more,  and  an  equi-axed  cellular  structure,  comprising  many  boundaries  of  2°-15° 
disorientation,  has  become  apparent  within  the  bands  (Figure  5.3(a)).  The  cells  appear  to 
be  1.0pm  -  2.0pm  in  size.  Thus,  from  one  to  three  cells  are  encountered  in  a  traverse 
along  the  ND  across  each  band.  The  presence  of  the  AFCu  particles  and  the  shear  strain 
£rd,nd  at  the  ends  of  the  bands  must  be  accommodated  by  additional  local  strains  within 
the  bands.  These  accommodation  strains  account  for  the  presence  of  the  cellular 
substructure  within  the  bands.  The  large  apparent  disorientations  associated  with  the  cell 
walls  reflect  a  high  dislocation  density  developed  during  TMP  as  well  as  low  rates  of 
recovery  due  to  the  high  solute  content  and  presence  of  the  A^Zr  particles.  The  main  B 
texture  component  reflects  deformation  banding  during  the  prior  TMP  of  the  material 
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while  the  presence  of  a  cellular  substructure  due  to  accommodation  accounts  for  the 
spread  about  the  B  texture  component. 

3.  Superplastic  Deformation  of  a  Banded  Microstructure 

The  disorientations  immediately  after  TMP  correspond  to  features  of  the 
defonnation  microstructure,  including  interfaces  between  bands  and  a  cellular  structure 
within  the  bands.  The  presence  of  transition  regions,  wherein  lattice  orientation  changes 
gradually  from  one  band  orientation  to  the  next,  suggests  that  the  band/band  interfaces 
are  extended  regions  of  high  dislocation  density  rather  than  distinct  boundaries.  The 
details  of  such  regions  require  higher  spatial  resolution  than  attainable  in  OIM.  Figures 
5.2  -  5.4,  represent  the  effect  of  annealing.  The  annotations  1  and  2  of  Figure  5.1(d) 
represent  the  transition  regions  between  bands  or  cells  in  the  deformation  microstructure. 
Reorientation  of  the  lattice  from  one  band  or  cell  to  the  next  takes  place  gradually 
through  the  transition  region  (Figure  5.3).  Thus,  recovery-controlled  rearrangement  of 
dislocation  structures  and  processes  such  as  cell  wall  or  subgrain  boundary  coalescence 
within  a  transition  region  allows  the  band  or  cell  to  grow  at  the  expense  of  the  transition 
region.  The  lattice  orientation  within  the  bands  or  cells  on  either  side  of  such  an  evolving 
structure  is  envisioned  to  be  unaffected  during  such  a  process,  which  is  consistent  with 
the  stability  of  the  texture.  Eventually  the  transition  regions  are  replaced  by  distinct 
boundaries  seen  in  Figure  5.4. 

The  OIM  results  (Figures  5.5,  5.7  and  5.8)  suggest  that  the  processes  of  boundary 
development  from  these  transition  regions  occur  progressively  at  45  CPC  with  concurrent 
straining  under  superplastic  conditions.  The  retention  of  the  B  texture  component  and  the 
band  structure  after  a  strain  of  1 10%  in  RD  and  107%  in  TD  suggests  that  few  boundaries 
have  become  able  to  slide  at  this  point  and  so  defonnation  is  predominately  by 
dislocation  creep  processes  despite  the  apparent  refinement  of  the  grain  structure.  Under 
dislocation  creep  conditions  a  distinct  <11 1>  fiber  texture  formed  during  defonnation  of 
a  5083  alloy,  which  had  a  in  a  fine,  recrystallized  grain  size  and  a  random  initial  texture 
after  TMP  to  make  this  material  superplastic  [Ref.  137].  Examination  of  the  discrete 
(111)  pole  figure  in  Figures  5.5(c)  and  5.7(c)  reveals  that  a  <1 1 1>  is  nearly  aligned  with 
the  RD  and  TD  respectively,  which  are  also  the  tensile  axes,  in  both  the  Bi  and  B2 
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variants  of  texture.  Thus,  only  small  lattice  rotations  would  be  required  during  uniaxial 
tensile  extension  along  either  RD  or  TD  and  this  is  reflected  in  the  apparent  stability  of 
this  orientation  here. 

At  a  strain  of  200%  the  randomizing  of  the  texture  and  grain  boundary 
disorientation  distribution  suggest  that  boundary  development  from  the  band  and  cell 
boundaries  is  essentially  complete  and  GBS  is  now  contributing  a  large  proportion  of  the 
total  superplastic  strain.  A  mean  linear  intercept  grain  size  of  3.0pm  allows  superplastic 
response  over  a  wide  strain  rate  range.  Comparison  of  the  disorientation  distributions  in 
Figures  5.5(b)  and  5.8(b)  shows  that  the  populations  of  low-angle  (2°-5°)  and  high-angle 
(50°-62.8°)  are  decreasing.  However,  a  peak  at  40°-45°  in  the  disorientation  histogram  of 
Figure  5.8(b)  is  in  the  same  range  as  predicted  by  Mackenzie  for  randomly  oriented  cubes 
[Ref.  135],  and  this  is  consistent  with  the  random  grain  rotations  associated  with  GBS. 
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VI.  MICROSTRUCTURE  OF  ROLLED  AL-5%CA-5%ZN 


A.  INTRODUCTION 

Several  investigations  over  a  long  period  of  time  have  provided  results  for  certain 
superplastic  metals  that  exhibit  a  pattern  of  microstructural  transformation  generally 
referred  to  as  continuous  recrystallization  [Refs.  69,  148-169]  during  heating  and 
deformation.  Thus,  in  some  of  these  alloys,  deformation  texture  components  that  had 
developed  during  prior  thermomechanical  processing  (TMP)  were  retained  during 
superplastic  deformation,  or  other  texture  components  were  observed  to  form. 
Anisotropy  of  superplastic  deformation  has  been  observed  in  other  materials  [Refs.  69, 
148-166].  Furthermore,  transmission  electron  microscopy  (TEM)  studies  have  provided 
evidence  of  dislocation  activity  in  the  form  of  slip  lines  that  were  observed  in  samples 
following  superplastic  defonnation  [Refs.  167-169].  These  observations  have  led  some 
authors  to  suggest  that  dislocation  creep  and  grain  boundary  sliding  may  contribute 
jointly  and  simultaneously  to  the  total  strain  during  superplastic  deformation,  and  do  so 
over  a  wide  range  of  diffusion-compensated  strain  rates.  This  is  in  distinct  contrast  to  the 
behavior  reported  for  the  superplastic  5083  aluminum  alloy,  in  which  grain  refinement 
has  been  accomplished  by  discontinuous  recrystallization  in  association  with  coarse 
second  phase  particles.  It  is  also  in  contrast  to  the  predictions  of  phenomenological 
models  that  are  based  on  the  independent,  additive  contributions  of  these  mechanisms  to 
the  total  defonnation  rate  [Ref.  137]. 

These  observations  are  common  to  superplastic  aluminum  alloys  that  exhibit 
continuous  recrystallization,  either  during  static  annealing  or  during  superplastic 
straining.  The  term  ‘continuous  recrystallization’  is  a  phenomenological  description  for  a 
recovery-dominated  microstructural  transformation  that  occurs  homogeneously 
throughout  a  deformation-induced  microstructure  in  the  absence  of  long-range  high-angle 
boundary  migration  [Ref.  170]. 

In  many  discussions  of  superplastic  behavior  in  aluminum  alloys,  the 
defonnation-induced  microstructure  at  the  conclusion  of  TMP  has  been  envisioned  to 
consist  of  elongated  prior  grains  that  contain  cells  or  subgrains  of  small  disorientation. 
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Several  investigators  have  then  suggested  that  continuous  recrystallization  consists  of  a 
recovery-controlled  build  up  of  the  average  disorientation  angle  for  subgrains  within  such 
a  structure  [Refs.  2,  72-77].  However,  the  mechanism  of  this  increase  in  disorientation  is 
uncertain.  It  has  been  attributed  to  subgrain  growth  [Ref.  72],  to  subgrain  coalescence 
[Ref.  73],  to  subgrain  rotation  [Ref.  74],  to  subgrain  rotation  and  switching  [Ref.  75]  in  a 
response  to  the  tensile  stress,  or  to  the  accumulation  of  dislocations  in  grain  boundaries 
during  elevated  temperature  deformation  [Refs.  76-77]. 

A  more  complex  picture  of  deformation-induced  microstructures  has  emerged  in 
recent  investigations  of  large-strain,  low-temperature  deformation  of  pure  metals  [e.g. 
Ref.  171].  Grain  elongation  with  cell/subgrain  formation  at  small  strains  gives  way  as  the 
strain  increases  to  processes  of  grain  subdivision.  A  classification  of  resulting  boundary 
types  and  glossary  of  terms  employed  in  description  of  defonnation  microstructures  has 
recently  been  provided  [Ref.  171].  At  large  strains,  highly  elongated,  banded  or  ribbon¬ 
like  grain  structures  are  seen  to  develop.  These  structures  may  include  large  fractions  of 
high-angle  boundaries  although  the  initial  grain  size,  the  defonnation  temperature,  the 
solute  content  and  the  presence  of  second  phase  particles  all  strongly  influence  the 
resulting  structure. 

During  annealing  of  such  defonnation-induced  microstructures,  recovery 
processes  involving  local  dislocation  rearrangements  and  short-range  boundary  migration 
may  lead  to  the  development  of  a  fine  grain  structure  that  also  comprises  a  large  fraction 
of  high-angle  boundaries.  In  the  absence  of  long-range  migration  of  high-angle 
boundaries  these  processes  would  constitute  continuous  recrystallization.  Recent 
investigations  into  the  behavior  of  the  Al-5%Ca-5%Zn  alloy  [Ref.  69]  of  this  research 
and  of  Supral  2004  [Refs.  63-64,  71],  have  examined  this  perspective  on  continuous 
recrystallization  using  computer-aided  electron  backscatter  diffraction  (EBSD)  pattern 
analysis  methods.  These  micro  texture  studies  have  shown  that  the  boundary 
disorientation  distribution  in  as-processed  material  is  that  of  a  fine,  deformation-induced 
cellular  structure.  The  cell  walls  likely  consist  of  dislocation  arrays  of  high  density  due 
to  the  severe  cold  working  typical  of  the  final  processing  stages  for  such  materials.  The 
grain  boundary  disorientation  distributions  after  annealing  corresponded  closely  to  the 
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distribution  observed  in  the  cellular  structure  in  the  as-processed  material.  Therefore,  it 
has  been  suggested  that  continuous  recrystallization  during  annealing  consists  mainly  of 
the  development  of  boundaries  by  evolution  of  the  dislocation  arrays  of  the  cell  walls. 
Also,  many  of  the  resulting  grain  boundaries  were  retained  during  annealing  while  others 
were  eliminated,  altogether  in  a  manner  consistent  with  retention  of  the  deformation 
texture. 

In  the  present  work,  texture  and  mechanical  property  data  for  the  Al-5%Ca-5%Zn 
alloy  will  be  used  as  an  example  of  a  material  that  exhibits  continuous  recrystallization. 
These  results  suggest  a  distinctly  different  pattern  of  elevated  temperature  deformation 
behavior  than  observed  in  5083  aluminum  [Ref.  137]. 


B.  EXPERIMENTAL  PROCDURES 

The  Al-5%Ca-5%Zn  alloy  was  prepared  by  Alcan,  Inc.  using  aluminum  of 
99.99%  purity.  Details  of  the  composition  are  provided  in  Table  6.1.  Cast  ingots  were 
hot  rolled  and  subsequently  cold  rolled  to  a  3.2  mm  thick  sheet  [Ref.  172], 


Ca 

Zn 

Fe 

Si 

Mg 

A1 

5.0 

4.95 

0.18 

0.1 

0.042 

Bal. 

Table  6. 1 .  Alloy  composition  (wt.%)  for  Al-5%Ca-5%Zn 


Annealing  was  performed  at  520°C  and  400°C  and  tensile  tests  were  performed  at 
a  strain  rate  of  10'“  sec'  at  400°C.  Test  coupons,  with  a  12.5mm  gage  length,  were 
prepared  with  tensile  axes  aligned  either  with  the  rolling  or  transverse  direction  (RD  or 
TD)  of  the  as-processed  sheet.  Details  of  the  sample  geometry  and  testing  procedure 
have  been  provided  elsewhere  [Ref.  157].  Microtexture  measurements  as  well  as 
microstructure  examination  were  performed  in  the  mid-layer  of  the  sheet  alloy  following 
the  procedures  explained  in  Chapter  II.  The  final  step  for  SEM  examination  consisted  of 
electropolishing  with  nitric  acid  (20%)  and  methanol  (80%)  solution  at  35V  for  20sec 
cooled  to  an  initial  temperature  of  -25°C. 
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C.  RESULTS 

Macro  and  microtexture  measurements  have  been  previously  perfonned  in  Al- 
5%Ca-5%Zn  alloy  in  the  as-received  condition  [Refs.  64,  69,  157,  173].  The  X-ray 
results  indicated  that  the  material  exhibits  a  weak  but  distinct  deformation  texture.  The 
most  prominent  orientation  is  {225}<554>,  which  is  located  just  5°  away  from  the  C 
component,  { 1 12}<1 1 1>  [Refs.  124,  173].  The  {225 }<554>  component  lies  close  to  the 
P  fiber,  which  connects  the  C  and  the  B  ({011} <2 11  >)  orientations  in  Euler  space,  and 
therefore  is  typical  of  a  deformed  fee  metal  [Refs.  126,  147].  The  microtexture  data 
reported  in  [Ref.  69]  also  show  the  presence  of  a  weak  defonnation  texture  in  the  as- 
received  material  and  indicate  as  well  a  predominant  population  of  apparently  random 
orientations.  The  disorientation  distribution  histogram  exhibits  a  maximum  near  45°  [Ref. 
69]  and  is  similar  to  the  MacKenzie  distribution  for  randomly  oriented  cubes  [Ref.  135]. 
The  present  EBSD  examination  is  consistent  with  previous  results.  Figure  6.1  shows  the 
OIM  data  corresponding  to  the  microstructure  Al-5%Ca-5%Zn  alloy  in  the  as-received 
condition.  Figure  6.1(a)  is  a  grain  color  map  in  which  (sub)grains  disoriented  more  than 
2°  or  more  have  been  randomly  assigned  different  colors.  It  can  be  noted  that  the  average 
(sub)grain  size  is  around  0.5pm.  Figure  6.1(b)  illustrates  the  (200),  (220),  and  (111) 
discrete  pole  figures  in  which  the  two  symmetric  variants  of  the  C-type  texture 
component,  have  been  colored  in  blue  and  red.  A  tolerance  of  ±15°  around  the  ideal 
orientations  has  been  used.  The  significant  scattering  of  the  data  reveals  the  weakness  of 
the  texture.  The  spatial  location  of  (sub)grains  oriented  as  these  two  symmetric  variants  is 
represented  in  Figure  6.1(c).  It  is  important  to  note  that  some  clustering  of  (sub)grains 
belonging  to  the  same  variant  can  be  appreciated.  The  regions  colored  in  black  or  gray 
tones  correspond  to  other  orientations. 

The  effect  of  annealing  at  520°C  on  this  alloy  has  been  described  previously  [Ref. 
69].  It  was  shown  that  the  weak  C-type  component  that  was  present  in  the  as-received 
material  is  retained  and  strengthened  with  annealing  time.  Simultaneously,  the  grain  size 
increased.  The  retention  of  a  defonnation  texture  component  during  annealing  is 
commonly  associated  with  the  occurrence  of  continuous  recrystallization  [Ref.  2].  A 
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(b)  4  pm  (C) 

Figure  6.1.  OIM  data  for  the  Al-5%Ca-5%Zn  in  the  as  received  condition:  (a)  an  OIM 
unique  grain  color  map  for  (sub)grains  disoriented  more  than  2°;  (b),  discrete  pole 
figures  in  which  the  two  symmetric  variants  of  the  C  texture  component  have  been 
highlighted  in  either  red  or  blue;  (c)  an  IQ  only  grain  map  plotted  with  the  positions  of 
the  two  C  texture  variants  highlighted  in  red  and  blue  corresponding  to  (b). 


bimodal  misorientation  distribution  becomes  apparent  after  short  annealing  times  (7min) 


indicating  the  predominance  of  boundaries  misoriented  in  the  range  between  5°-15°  and 


50°-55°.  It  was  suggested  [Ref.  69]  that  the  high  angle  boundaries  separate  (sub)grains 
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belonging  to  the  two  symmetric  variants  of  the  main  texture  component  and  moderately 
misoriented  boundaries  separate  (sub)grains  within  each  texture  variant.  The  bimodal 
character  of  the  misorientation  distribution  becomes  increasingly  pronounced  with  time 
of  annealing. 

Figure  6.2  illustrates  direct  microstructural  evidence  of  these  annealing-induced 
changes.  The  OIM  data  presented  in  this  figure  were  obtained  from  the  RD-ND  plane  of 
the  Al-5%Ca-5%Zn  alloy  after  annealing  at  520°C  for  15  minutes.  Figure  6.2(a)  is  an 
OIM  grain  color  map  in  which  (sub)grains  disoriented  more  than  2°  or  more  have  been 
randomly  assigned  different  colors.  Average  (sub)grain  size  after  this  short  annealing 
treatment  has  increased  to  2pm.  The  (sub)grain  size  is  consistent  with  that  observed  by 
TEM  [Ref.  64].  Figure  6.2(b)  show  the  (200),  (220),  and  (111)  discrete  pole  figures,  in 
which  the  two  variants  of  the  C-type  texture,  and  orientations  within  15°  of  the  ideal  C- 
variant  orientations,  are  color  coded  in  blue  and  red,  respectively.  A  distinct  sharpening 
of  the  texture  with  respect  to  that  of  the  as-received  material  can  be  appreciated.  This  is 
consistent  with  previous  studies  [Ref.  69].  Figures  6.2(c)  and  6.2(d)  are  image  quality 
(IQ)  only  OIM  maps,  corresponding  to  the  same  region  as  that  of  Figure  6.2(a),  showing 
the  spatial  location  of  (sub)grains  oriented  as  the  two  symmetric  variants  of  the  main 
texture  component.  In  contrast  to  Figure  6.1(a),  it  can  be  seen  now  that  the 
microstructure  is  fonned  by  grains  oriented  as  the  two  symmetric  variants  of  the  main  C- 
type  texture  component.  Also,  clustering  of  (sub)grains  belonging  to  each  of  the  two 
variants  is  now  clear  and  the  clusters  belonging  to  different  variants  are  intermingled  in 
the  microstructure.  As  mentioned  above,  previous  studies  [Ref.  69]  have  detected  the 
predominance  of  boundaries  misoriented  in  the  range  between  5°-15°  and  50°-55°  in  the 
annealed  microstructure  of  the  Al-5%Ca-5%Zn.  Figures  6.2(c)  and  6.2(d)  also  show  the 
location  of  the  high-  (50°<9<62.8°)  and  low-angle  (2°<0<15°)  boundaries,  respectively. 
It  can  clearly  be  observed  here  that  the  high-angle  boundaries,  in  green  in  Figure  6.2(c), 
separate  (sub)grains  belonging  to  the  two  variants  and  the  low-angle  boundaries,  in 
yellow  in  Figure  6.2(d)  separate  (sub)grains  within  each  variant. 
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Figure  6.2.  OIM  data  for  Al-5%Ca-5%Zn  after  annealing  at  520°C  for  15min.:  (a)  an 
OIM  unique  grain  color  map  for  (sub)grains  disoriented  more  than  2°;  (b),  discrete 
pole  figures  in  which  the  two  variants  of  the  C  texture  component  have  been 
highlighted  in  either  red  or  blue;  (c)  and  (d)  IQ  only  maps  plotted  with  the  positions  of 
the  high-angle  (5O°<0<62.8°)  and  low-angle  (2°<0<15°)  boundaries  highlighted  in 
white  and  yellow  respectively  along  with  the  locations  of  the  two  C  texture 
components  highlighted  in  red  and  blue  corresponding  to  (b). 

The  OIM  data  presented  in  Figure  6.3  correspond  to  the  RD-ND  plane  of  the  Al- 
5%Ca-5%Zn  alloy  annealed  at  520°C  for  6  hours.  Figure  6.3(a)  is  an  OIM  grain  color 
map  in  which  (sub)grains  disoriented  more  than  2°  or  more  have  been  randomly  assigned 
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Figure  6.3.  OIM  grain  map  of  Al-5%Ca-5%Zn  after  annealing  at  520°C  for  6hrs.:  (a) 
and  OIM  grain  color  map  for  (sub)grains  disoriented  more  than  2°;  (b),  discrete  pole 
figure  in  which  the  two  symmetric  variants  of  the  C  texture  component  have  been 
highlighted  in  either  red  or  blue;  (c)  and  (d),  IQ  only  grain  maps  with  the  positions  of 
the  high-angle  (5O°<0<62.8°)  and  low-angle  (2°<0<15°)  boundaries  highlighted  in 
white  and  yellow  respectively  along  with  the  corresponding  locations  of  the  C  type 
texture  shown  in  (b). 

different  colors.  Figure  6.3(b)  illustrates  the  discrete  pole  figures,  in  which  the  two 
variants  of  the  C-type  texture  are  color  coded  in  blue  and  red,  respectively.  The  result  of 
the  previous  thennomechanical  processing  is  evidenced  by  a  distinct  band-like 


100 


appearance  of  the  two  texture  components  in  which  the  bands  are  aligned  with  the  RD. 
Figures  6.3(c)  and  6.3(d)  are  image  quality  (IQ)  OIM  maps,  corresponding  to  the  same 
region  as  that  of  Figure  6.3(a),  that  are  also  highlighted  to  show  the  spatial  location  of  the 
two  symmetric  variants  of  the  C  texture  component.  Figures  6.3(c)  and  6.3(d)  also 
include  highlighting  to  illustrate  separately  the  locations  of  the  high-  and  low-angle 
boundaries.  It  can  be  observed  here  that,  clearly,  the  high-angle  (50°<9<62.8°) 
boundaries,  in  white  in  Figure  6.3(c),  separate  (sub)grains  belonging  to  each  of  the  two 
variants  and  low-angle  (2°<0<15°)  boundaries,  in  yellow  in  Figure  6.3(d),  separate 
(sub)grains  within  each  variant. 

The  OIM  data  presented  in  Figure  6.4  correspond  to  the  RD-ND  plane  of  the  Al- 
5%Ca-5%Zn  alloy  annealed  at  400°C  for  6  hours.  Figure  6.4(a)  is  an  OIM  grain  color 
map  with  a  2°  disorientation  tolerance.  The  discrete  pole  figures  in  Figure  6.4(b),  have 
been  color  coded  in  blue  and  red  corresponding  to  the  C  texture  variants.  Although  not 
truly  banded,  the  image  quality  (IQ)  only  OIM  maps  in  Figures  6.4(c)  and  6.4(d)  that  are 
highlighted  corresponding  to  the  pole  figures  of  Figure  6.4(b),  show  the  location  of  the 
two  symmetric  variants  of  the  C  texture  component.  Figures  6.4(c)  and  6.4(d)  show  the 
location  of  the  high-  (5O°<0<62.8°)  and  low-angle  (2°<0<15°)  boundaries,  respectively. 
The  high-angle  boundaries,  white  in  Figure  6.4(c),  separate  (sub)grains  belonging  to 
each  of  the  two  variants  and  low-angle  boundaries,  yellow  in  Figure  6.4(d),  separate 
(sub)grains  within  each  variant.  Comparison  of  Figures  6.4(a)  and  6.4(d)  show  that  the 
grains  of  similar  orientation  tend  to  cluster,  align  with  the  final  rolling  direction  and  are 
separated  by  low-angle  boundaries. 

The  elevated  temperature  deformation  behavior  of  this  alloy  was  investigated  by 
Perez-Prado  et  al.  [Ref.  64]  and  superplastic  response  was  observed  over  the  range  of 
defonnation  temperatures  and  strain  rates  for  the  samples  considered  in  this  study.  Figure 
6.5  shows  OIM  data  corresponding  to  the  Al-5%Ca-5%Zn  alloy  deformed  in  tension  at 
400°C  and  10'~  sec'  along  the  rolling  direction.  Figure  6.5(a)  is  an  OIM  grain  color  map 
illustrating  an  equi-axed  (sub)grain  structure.  The  microtexture  is  represented  in  Figure 
6.5(b)  by  means  of  (200),  (220),  and  (1 1 1)  discrete  pole  figures  in  which  the  two  variants 
of  the  main  C  component  have  been  highlighted  in  either  blue  or  red.  Figure  6.5(c)  is  an 
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Figure  6.4.  OIM  data  for  Al-5%Ca-5%Zn  after  annealing  at  400°C  for  6hrs.:  (a),  an 
OIM  unique  grain  color  map  with  a  2°  disorientation  tolerance;  (b),  discrete  pole 
figures  highlighted  in  either  red  or  blue  corresponding  to  the  two  C  texture  variants; 
(c)  and  (d),  IQ  only  grain  maps  showing  the  positions  of  the  high-angle  (5O°<0<62.8°) 
boundaries  in  white  and  low-angle  (2°<0<15°)  boundaries  in  yellow,  respectively,  and 
the  locations  of  the  two  C  texture  components. 


OIM  map  corresponding  to  the  same  region  as  that  in  Figure  6.5(a),  but  showing  the 

spatial  distribution  of  these  two  symmetric  texture  variants  (in  blue  and  red)  as  well  as 

the  high-angle  (5O°<0<62.8°)  boundaries  in  green.  Adjacent  clusters  of  (sub)grains 

belong  to  different  variants.  Clusters  of  (sub)grains  are  elongated  along  the  rolling 
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Figure  6.5.  OIM  data  for  Al-Ca-Zn  deformed  at  10'2  sec'1  and  400°C  in  the  rolling 
direction  (RD):  (a),  an  OIM  grain  map  for  (sub)grains  disoriented  more  than  2°;  (b), 
discrete  pole  figures  in  which  the  two  symmetric  variants  of  the  C  texture  component 
have  been  highlighted  either  red  or  blue;  (c)  and  (d),  IQ  only  maps  illustrating  the 
positions  of  the  high-angle  (5O°<0<62.8°)  and  low-angle  (2°<0<15°)  boundaries  have 
been  highlighted  in  green  and  yellow  respectively,  along  with  the  positions  of  the 
variants  of  the  two  C  texture  components. 


direction  (RD).  This  map  also  shows  that  the  high-angle  boundaries  separate  grain 


clusters  belonging  to  the  two  different  C  texture  variants.  Figure  6.5(d)  is  an  IQ  OIM  map 


of  the  same  region  as  in  Figure  6.5(a)  that  has  been  highlighted  in  yellow  to  show  the 
spatial  distribution  of  low-angle  (2°<0<15°)  boundaries.  It  can  be  clearly  seen  that  the 
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low-angle  boundaries  separate  (sub)grains  within  a  cluster  belonging  to  the  same  texture 
variant. 

Figure  6.6  shows  OIM  data  corresponding  to  the  Al-5%Ca-5%Zn  alloy  deformed 
at  400°C  and  10'“  sec'  along  the  transverse  direction.  The  microstructure  of  this  alloy 
under  the  present  deformation  conditions  is  similar  to  that  corresponding  to  the  test  in  the 
rolling  direction.  Figure  6.6(a)  is  an  OIM  grain  color  map  illustrating  an  equi-axed 
(sub)grain  structure.  Figure  6.6(b)  are  discrete  pole  figures  in  which  the  two  variants  of 
the  main  C  component  have  been  highlighted  in  either  blue  and  red.  Figure  6.6(c)  is  an 
IQ  OIM  map  of  the  same  region  as  in  Figure  6.6(a)  showing  the  spatial  location  of  these 
two  symmetric  texture  variants  in  blue  and  red  as  well  as  the  high-angle  boundaries  in 
white.  The  spatial  distribution  of  the  two  variants  is  much  more  diffuse  than  that 
described  for  the  tension  test  in  the  rolling  direction.  This  is  due  to  the  lattice  rotation 
away  from  the  C  texture  component  orientation  and  toward  the  B  texture  component 
orientation  [Ref.  64].  Adjacent  highlighted  clusters  of  (sub)grains  still  belong  to  different 
variants.  Clusters  of  (sub)grains  are  elongated  along  the  transverse  direction  (TD). 
Again,  the  high-angle  boundaries  separate  (sub)grains  belonging  to  different  variants. 
Figure  6.6(d)  is  another  IQ  OIM  map  of  the  same  region  as  in  Figure  6.6(a)  showing  the 
spatial  location  low-angle  boundaries  highlighted  in  yellow.  It  can  be  clearly  seen  that 
the  low-angle  boundaries  separate  (sub)grains  within  a  cluster  belonging  to  the  same 
texture  variant. 
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Figure  6.6.  OIM  data  for  Al-5%Ca-5%Zn  deformed  at  400°C  at  10'2  sec'1  in  the 
transverse  direction  (TD):  (a)  an  OIM  unique  grain  color  map  with  a  2°  disorientation 
tolerance,  (b),  discrete  pole  figures  in  which  the  two  symmetric  varints  of  the  C 
texture  component  have  been  highlighted  in  either  red  or  blue;  (c)  and  (d),  IQ  only 
grain  maps  with  the  positions  of  the  high-angle  (5O°<0<62.8°)  and  low-angle 
(2°<0<15°)  boundaries  highlighted  in  white  and  yellow  respectively,  in  addition  to  the 
locations  of  the  two  C  texture  components  shown  in  (b). 
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D.  DISCUSSION 

The  micro-texture  and  microstructural  data  of  the  Al-5%Ca-5%Zn  alloy  of  this 
study  correlate  well  with  the  recognized  characteristics  of  aluminum  alloys  that  transform 
by  a  continuous  recrystallization  reaction.  A  model  for  the  microstructure  must  be 
capable  of  explaining  the  development  and  evolution  of  the  grain  boundaries,  as  well  as 
the  grain  size  and  the  micro-texture,  during  both  annealing  and  elevated  temperature 
deformation.  A  model  including  deformation  banding  will  be  discussed  in  depth  in  a 
subsequent  chapter  and  employed  to  describe,  firstly,  the  annealing  behavior  and, 
subsequently,  the  elevated  temperature  deformation  characteristics  of  this  alloy. 

1.  As-Rolled  and  Annealed  Al-5%Ca-5%Zn  Material 

Altogether,  previous  studies  [Refs.  69,  157]  of  this  Al-5%Ca-5%Zn  alloy  have 
clearly  shown  that  the  two-phase  microstructure  of  the  as-processed  material  is  very  fine. 
The  AfiCaZn  second-phase  particles  are  homogeneously  distributed,  slightly  elongated  in 
the  rolling  direction  of  the  sheet,  and  about  0.5pm  in  length  and  0.2pm  in  diameter.  A 
cellular  substructure,  finer  than  lpm  in  size,  is  also  present.  The  most  prominent 
component  in  the  texture  of  the  as-processed  material  is  {225}<554>,  which  is  very  close 
to  the  C  orientation,  a  common  component  of  deformation  textures  of  fee  metals.  The 
OIM  data  obtained  for  as-processed  material  in  the  present  study  are  consistent  with  these 
previous  results. 

The  current  understanding  of  the  evolution  of  deformation-induced 
microstructures  is  based  mainly  on  studies  of  severely  deformed  pure  metals  [Refs.  170- 
171].  Thus,  in  the  initial  stages  of  defonnation,  subgrains  develop  and  grain  subdivision 
takes  place.  This  is  followed  by  the  formation,  within  the  prior  grains,  of  blocks  or 
regions  in  which  lattice  rotation  takes  place  in  opposite  senses.  At  large  strains,  a 
banded,  ribbon-like  structure  may  develop  in  which  the  prior  grain  boundaries  are  no 
longer  readily  distinguishable. 

The  analyses  of  Hirsch  and  Lucke  [Ref.  147]  and  Perez-Prado  et  al.  [Ref.  64]  will 

be  treated  in  a  subsequent  chapter.  Briefly,  these  authors  describe  texture  development 

during  large-strain  deformation  by  rolling  reflects  lattice  rotation  toward  stable  end 

orientations.  For  the  material  in  this  study,  each  variant  in  a  C-type  texture  component 

has  four  slip  systems  with  equivalent  Schmid  factors  during  plane-strain  deformation 
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under  a  Tucker- type  stress  state  (Crd,rd  =  -oNd,nd)  [Ref.  147].  The  four  slip  systems 
having  equivalent  Schmid  factors  (±0.544)  for  this  stress  state  are  in  conjugate  pairs.  The 
incremental  strain  may  be  calculated  separately  for  each  of  the  variants  in  tensor  fonn 
assuming  an  identical  incremental  shear.  Individually,  each  variant  experiences  plane 
strain  deformation  with  an  additional  shear  term,  Srd,nd  in  the  strain.  If  the  variants  are 
arranged  in  an  alternating  manner,  ...,  Ci,  C2,  Ci,  ...  etc.,  averaging  of  the  incremental 
strains  over  a  region  comprising  equal  volumes  of  each  orientation  would  give  plane 
strain  deformation.  Such  an  arrangement  is  essentially  that  predicted  by  deformation 
banding  models.  The  potential  importance  of  deformation  banding  has  long  been 
recognized  [Refs.  29,  174],  Due  to  the  relaxation  of  constraints  in  individual  bands,  a 
banded  structure  is  able  to  defonn  compatibly  with  the  activation  of  less  than  five  slip 
systems  in  each  band  [Refs.  34-35,  41]. 

Accommodation  of  the  AfCaZn  second-phase  particles  during  severe  plastic 
deformation  would  disrupt  a  tendency  to  form  well-defined  bands  in  the  material  of  this 
investigation.  The  presence  of  such  particles,  as  well  as  the  need  to  accommodate  the 
additional  shears  that  arise  in  each  band,  would  be  reflected  in  the  development  of  a 
cellular  structure  within  the  individual  bands.  In  the  initial  stages  of  deformation 
processing  the  interfaces  between  adjacent  bands  may  be  thick,  transitional  regions  of 
high  dislocation  density  and  lattice  curvature,  reflecting  gradual  lattice  reorientation  from 
the  orientation  of  one  band  to  that  of  the  next.  After  more  severe  deformation  such 
interfaces  may  become  more  sharply  defined  [e.g.,  44].  Lattice  curvature  associated  with 
the  interfaces  between  the  bands,  with  the  cellular  structure  inside  of  the  bands,  and  with 
accommodation  of  the  AfCaZn  particles  would  account  for  a  large  spread  of  orientations 
about  the  main  texture  component  and  the  appearance  of  random  orientations.  This  was 
evident  in  Figure  6.1. 

Annealing,  particularly  at  temperatures  above  500°C,  has  been  shown  to  result  in 
coarsening  of  the  matrix  grains,  accompanied  by  coarsening  and  spheroidization  of  the 
AfCaZn  second-phase  particles  [Ref.  69].  Three  additional  observations  lead  to  the 
conclusion  that  a  continuous  recrystallization  reaction  occurs  during  such  post-TMP 
annealing.  These  were:  (a)  retention  and  progressive  sharpening  of  the  initial 
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deformation  texture;  (b),  absence  of  formation  of  new  texture  components;  and  (c), 
development  of  a  bimodal  boundary  disorientation  distribution,  with  a  high-angle 
boundary  peak  at  50°-55°  and  a  lower-angle  peak  between  5°  and  15°  [Ref.  69]. 
Coarsening  of  the  matrix  grain  structure  and  sharpening  of  the  initial  deformation  texture 
during  annealing  are  also  evident  when  Figures  6.2  and  6.32  are  compared  to  the  as- 
received  condition  in  Figure  6. 1 .  The  texture  sharpening  is  consistent  with  a  reduction  in 
lattice  curvature,  and  thus  orientation  spread  about  the  C  texture  component,  due  to 
recovery  during  the  annealing.  Following  annealing,  the  micro  structure  therefore 
consists  mainly  of  grains  of  lattice  orientations  distributed  near  one  or  the  other  of  the 
two  distinct  variants  of  this  C-type  texture  component.  The  highlighting  in  Figures  6.2(c) 
and  6.3(c)  clearly  shows  that  the  high-angle  boundaries  (50°-62.8°)  are  the  interfaces 
between  regions  of  lattice  orientation  near  one  or  the  other  of  the  symmetric  variants  of 
the  texture  component,  while  low-angle  boundaries  (2°-15°)  separate  cells  within  such 
grains  are  seen  in  Figures  6.2(d)  and  6.3(d). 

Annealing  below  500°C,  has  been  shown  to  have  similar  effects  on  the 
microstructure  and  micro-texture.  Specifically,  the  grains  are  seen  to  coarsen  in  Figure 
6.4(a)  but  do  not  exhibit  abnormal  grain  growth.  The  retention  and  sharpening  of  the  as- 
rolled  texture  can  be  seen  in  Figure  6.4(b).  The  locations  of  the  two  texture  variants  are 
shown  in  Figure  6.4(c)  to  roughly  align  with  RD  and  have  high-angle  boundaries 
separating  the  variants  and  low-angle  boundaries  separating  the  (sub)grains  within  each 
variant,  Figure  6.4(d). 

Processes  of  grain  subdivision  during  the  prior  rolling  of  this  material  have 
resulted  in  the  development  of  grain  clusters  of  lattice  orientation  corresponding  to  the 
two  variants  near  the  C  texture  components.  According  to  the  deformation-banding 
model  for  texture  development  [Refs.  29,  34-35,  41,  174],  the  microstructure  would 
comprise  elongated,  ribbon-like  grains  that  alternate  in  lattice  orientation.  Substructure 
within  such  grains  would  reflect  the  need  for  accommodation  of  the  Srd.nd  shear  term  and 
of  the  AhCaZn  particles,  although  the  presence  of  these  particles  would  also  disrupt  the 
tendency  to  fonn  well-defined  bands.  Thus,  the  disorientation  of  the  high-angle 
boundaries  in  this  material  became  established  during  the  prior  deformation  processing  as 
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a  result  of  grain  subdivision  and  lattice  rotation  toward  the  end  orientations  of  the  texture 
variants.  The  disorientation  of  the  high-angle  boundaries  is  the  lattice  rotation  that  relates 
the  variants  of  the  texture  (nominally  52°  in  this  material).  Cell  and  substructure 
formation  within  the  bands  during  defonnation  processing  then  accounts  for  the 
disorientation  of  the  lower-angle  boundaries.  Continuous  recrystallization  during 
elevated  temperature  static  annealing  of  this  alloy  reflects  the  recovery-controlled 
development  of  the  boundaries  within  the  deformation-induced  microstructure.  These 
processes  would  include  climb-controlled  rearrangement  of  dense  dislocation  arrays  that 
separate  the  adjacent  grain  clusters,  or  the  cells  within  clusters,  resulting  in  the  evolution 
of  well-defined  boundaries  in  place  of  the  arrays.  Grain  growth  during  annealing  results 
in  the  elimination  of  many  boundaries  developed  during  the  prior  defonnation,  but  in  a 
manner  that  maintains  the  texture  in  the  material.  Thus,  grains  or  cells  of  initial  lattice 
orientation  near  that  of  either  variant  of  the  texture  apparently  grow  at  the  expense  of 
nearby  regions  having  lattice  orientations  in  the  random  population  due  to  lattice 
curvature  associated  with  a  high  dislocation  density. 

2.  Elevated  Temperature  Deformation  of  Al-5%Ca-5%Zn  Material 

The  microstructure  of  the  Al-5%Ca-5%Zn  alloy  of  this  study  consists  of  adjacent 
grain  clusters  having  lattice  orientations  corresponding  to  the  symmetric  variants  of  the 
main  texture  component.  The  interfaces  that  separate  the  grain  clusters  as  well  as  those 
that  separate  cells  within  the  clusters  are  deformation-induced  boundaries  that  evolve 
from  dense  dislocation  arrays  by  recovery. 

A  contribution  of  dislocation  creep  to  the  superplastic  response  during  tensile 

deformation  in  the  rolling  direction  at  400°C  and  10'"  sec'  is  evident  in  the  micro-texture 

data  of  Figure  6.5(b).  The  C  texture  component  is  distinct  in  the  micro-texture  data  of 

Figure  6.5(b).  A  <111>  becomes  aligned  with  the  tensile  axis  as  lattice  rotation  to  the 

exact  C  orientation  takes  place  during  tensile  extension  parallel  to  the  RD.  Grains  with 

such  a  lattice  orientation  can  deform  compatibly  with  their  neighbors  during  dislocation 

creep  and  without  further  lattice  rotation.  Thus,  the  C  component  is  a  stable  end 

orientation  in  the  texture  for  uniaxial  tension  parallel  to  the  RD.  The  absence  of  fiber 

texture  fonnation  may  be  further  understood  by  considering  deformation  of  a  fee  crystal 

along  an  axis  that  lays  near  a  <11 1>  direction,  e.g.  5°  from  such  an  orientation.  It  is 
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straightforward  to  show  by  means  of  a  stereographic  projection  that  the  lattice  rotations 
needed  to  bring  the  tensile  axis  for  such  a  crystal  into  alignment  with  the  <11 1>  in 
question  will  take  place  about  an  axis  that  is  perpendicular  to  that  <1 1 1>  and  not  parallel 
to  it.  Thus,  such  small  rotations  will  have  the  effect  of  stabilizing  the  pre-existing  C 
component  but  will  not  produce  a  fiber  texture.  The  limited  extent  of  grain  elongation 
apparent  in  the  grain  map  of  Figure  6.5(a)  is  consistent  with  a  contribution  of  grain¬ 
boundary  sliding  to  the  total  strain,  but  the  high-angle  boundaries  are  still  predominantly 
the  interfaces  between  variant  grains. 

Deformation  of  samples  with  tensile  axes  parallel  to  the  TD  resulted  in  the 
development  of  a  B-type  texture  component  [Ref.  64]  and,  again,  the  absence  of  fiber 
texture  formation.  This  is  evident  in  the  micro-texture  data  of  Figure  6.6(b).  The  apparent 
instability  of  the  C  component  and  subsequent  lattice  rotation  resulting  in  the 
development  of  a  B  texture  component  during  transverse  tensile  deformation  requires 
further  assessment  and  has  been  explained  in  detail  elsewhere  [Ref.  63].  In  summary, 
lattice  rotation  occurs  in  order  to  align  a  <11 1>  direction  with  the  tensile  axis  thus 
distributing  the  deformation  over  equally  stressed  slip  systems.  The  exact  C  orientation 
with  four  equally  stressed  slip  systems  may  reflect  a  metastable  condition  when  the 
material  is  strained  in  uniaxial  tension  along  the  transverse  direction.  Orientations 
initially  located  slightly  away  from  C  along  the  symmetry  boundary  already  have  higher 
Schmid  factors  for  the  two  coplanar  systems  above,  and  therefore  would  tend  to  rotate 
along  the  symmetry  boundary  toward  B  rather  than  back  toward  the  C  orientation. 


110 


VII.  MICROSTRUCTURE  OF  PURE  ALUMINUM  AND  AN 
ALUMINUM  ALLOY  AFTER  EQUAL-CHANNEL  ANGULAR 

PRESSING 


A.  INTRODUCTION 

The  properties  of  metallic  materials  may  be  improved  through  grain  refinement 
using  processes  that  include  severe  plastic  defonnation  (SPD).  Recent  studies  have 
shown  that  ultra-fine  grain  sizes  in  the  submicrometer  or  even  nanometer  range  can  be 
achieved  by  imposing  extremely  large  plastic  strains  during  deformation  processing 
[Refs.  14,  175-177].  In  addition  to  the  SPD  methods  briefly  reviewed  in  Chapter  I,  {high 
pressure  torsion  (HPT),  accumulative  roll  bonding  (ARB),  asymmetric  rolling  and 
friction  stir  processing  (FSP)},  redundant  forging  [Refs.  178-180],  high  energy  ball 
milling  [Ref.  13],  sliding  wear  [Ref.  181]  and  equal-channel  angular  pressing  (ECAP)  are 
some  processes  developed  in  order  to  impart  strains  which  are  sufficiently  large  to 
produce  such  grain  refinement.  This  study  will  concentrate  on  equal-channel  angular 
pressing  (ECAP)  and  will  present  results  obtained  by  OIM  methods  in  the  SEM  allowing 
the  simultaneous  determination  of  orientation-based  images  and  quantitative  assessment 
of  the  microtexture  and  the  distribution  of  the  grain-to-grain  disorientation  angles. 
Additional  results  from  TEM  methods  will  be  provided  in  order  to  verify  the  results 
obtained  in  specific  conditions. 

A  detailed  introduction  to  the  process  of  ECAP  has  been  provided  in  Chapter  II, 
including:  process  description,  route  definition,  axis  definitions,  and  specifics  of  sample 
sectioning.  Additionally,  the  trace  of  the  shear  plane  and  the  sense  of  the  shear  are 
indicated  in  Figures  7.1(a)  and  7.1(b)  for  planes  that  have  y-axis  normals.  These 
illustrations  demonstrate  the  need  to  carefully  identify  the  positive  senses  of  the  axes 
during  sectioning  of  the  ECAP  billets:  the  apparent  alignment  of  the  shear  plane  as  well 
as  the  sense  of  the  shear  depends  on  whether  the  section  being  examined  has  the  -y  or  +y 
direction  as  its  normal.  The  x-z  plane  is  not  a  mirror  plane  and  if  the  sense  of  the  y 
direction  is  not  correctly  determined  the  resulting  data  may  suggest  a  shear  direction 
rotated  90°  from  its  expected  orientation. 
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Figure  7.1.  A  schematic  of  the  y  plane  in  (a),  viewed  in  the  +y  direction,  indicating 
the  shear  plane  and  sense  of  shear  while  (b)  represents  a  schematic  of  the  same  y  plane 
but  viewed  in  the  -y  direction  with  the  corresponding  trace  of  the  shear  plane  and 
sense  of  shear  indicated. 

The  shearing  characteristics  and  the  corresponding  microstructural  changes 
associated  with  the  various  processing  routes  that  are  possible  have  been  analyzed  for 
repetitive  ECAP  [Refs.  15,  112].  Following  a  single  pass,  TEM  has  revealed  the 
presence  of  a  cellular  microstructure  consisting  of  elongated,  parallel  bands  of  subgrains 
[Ref.  16,  120-121].  These  bands  tend  to  be  aligned  with  the  top  and  bottom  edges  of  the 
pressed  sample  (the  y  direction)  when  viewed  in  the  x  plane.  They  are  also  roughly 
parallel  to  the  direction  of  shear  in  the  y  plane,  which  in  turn  is  inclined  ideally  at  45°  to 
the  top  and  bottom  edges  of  the  pressed  sample  (the  x  direction)  when  viewed  in  the  y 
plane.  In  the  z  plane,  the  subgrain  bands  are  arranged  perpendicular  to  the  direction  of 
flow,  which  is  the  x  direction.  These  microstructural  features  reflect  the  deformation 
occurring  upon  passage  through  the  die  since  this  requires  intense  shear  in  the  shear 
direction  on  a  plane  inclined  at  45°  to  both  x  and  z. 

The  microstructure  following  repeated  ECAP  is  dependent  upon  the  nature  of  any 

rotation  between  the  pressing  operations.  It  was  shown  earlier  by  use  of  TEM  that  the 

evolution  to  a  refined,  equi-axed  structure  with  an  apparent  presence  of  high-angle  grain 

boundaries  was  most  rapid  for  processing  by  route  Be,  less  rapid  using  route  C  and 

slowest  using  routes  A  and  Ba  [Ref.  100],  The  evolution  of  the  grain  boundary 

disorientation  distribution  during  repetitive  pressing  by  route  Be  was  examined  by 

electron  backscatter  diffraction  (EBSD)  microtexture  analysis  using  interactive  [Ref.  182] 

and  automated  acquisition  [Ref.  120]  methods  to  acquire  grain-specific  orientation  data. 

A  progressive  increase  in  grain  boundary  disorientation  and  randomization  of  the  texture 
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accompanied  the  refinement  of  the  microstructure  during  repetitive  ECAP  [Ref.  1 82]  via 
route  Be.  However,  the  later  study  [Ref.  120]  and  comparison  to  other  work  [Ref.  122] 
indicated  that  the  former  material  had  recrystallized  and  developed  a  predominantly 
random  texture  rather  than  a  cube  recrystallization  texture  common  to  aluminum  [Ref. 
67].  It  is  considered  that  recrystallization  occurred  in  the  high  purity  aluminum  due  the 
combined  influence  of  the  metal  purity  and  the  adiabatic  heating  experienced  by  the  billet 
upon  passage  through  the  ECAP  die  [Ref.  183].  Later  studies  [Refs.  120,  122]  have 
shown  that  the  population  of  low-angle  boundaries  (<15°)  remains  greater  than  expected 
from  texture  considerations,  which  reflects  the  presence  of  deformation-induced 
boundaries  after  each  pressing. 


B.  EXPERIMENTAL  PROCEDURES 

The  pure  aluminum  material  was  rolled  into  a  plate  at  room  temperature  and  cut 
to  provide  billets  with  dimensions  of  25x25x1 50mm  .  These  billets  were  swaged  to  rods 
of  10mm  diameter,  which  were  then  cut  into  lengths  of  ~60mm.  Prior  to  ECAP,  these 
billets  were  given  an  annealing  treatment  resulting  in  an  initial  recrystallized  grain  size  of 
~lmm.  X-ray  investigations  of  the  pure  aluminum  suggested  a  random  initial  texture 
[Ref.  184]  and  neutron  diffraction  methods  indicated  a  weak  fiber  texture  with  a  <11 1> 
aligned  with  the  axis  of  the  original  unpressed  material  [Ref.  185].  The  details  of  the 
preparation  of  the  Al-3%Mg-0.2%Sc  alloy  have  been  provided  elsewhere  [Ref.  112]. 
The  general  description  is  the  same  as  that  of  the  pure  aluminum  except  the  original  grain 
size  was  ~200pm  and  no  texture  data  were  provided. 

Material  conditions  examined  included:  as-pressed  billets  of  99.99%  pure 
aluminum  after  one,  four  and  twelve  pressing  operations;  and  an  Al-3%Mg-0.2%Sc  alloy 
that  had  been  pressed  eight  times  and  annealed  at  400°C  for  ~10min.  The  annealing  was 
intended  to  simulate  heating  prior  to  elevated  temperature  defonnation  [Ref.  112].  Both 
materials  were  pressed  following  the  definitions  of  routes  A,  Be  and  C  for  repetitive 
pressing  operations.  Samples  were  sectioned  as  outlined  in  Chapter  II.  Prior  to 
examination  in  the  SEM,  samples  were  mechanically  polished  as  detailed  in  Chapter  II 
and  then  electropolished  in  the  Buehler  Electromet  4  apparatus  using  a  20%  percholoric 
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acid  -  80%  ethanol  electrolyte  solution  cooled  to  -25°C.  The  TEM  thin  foils  were 
electropolished  using  an  electrolyte  consisting  of  10%  perchloric  acid  and  90%  ethanol 
cooled  to  0°C  with  the  applied  voltage  set  to  10V. 


C.  RESULTS 

1.  Microtexture  Development  of  Pure  Aluminum  During  ECAP 

Results  for  pure  aluminum  after  one,  four  and  twelve  ECAP  passes  via  route  Bc 
have  been  reported  previously  [Ref.  120].  These  indicated  the  presence  of  an 
inhomogeneous  texture  after  an  initial  ECAP  operation  in  regions  examined  that  were 
20pm  X  20pm  and  100pm  X  100pm.  Selected  examples  are  presented  in  Figure  7.2(a) 
and  (b)  for  100pm  X  100pm  areas  for  material  that  has  been  processed  through  one 
ECAP  pass.  These  data  show  either  a  single  or  multiple  prominent  orientations.  Another 
evaluation  was  conducted  over  a  very  long  traverse  (3.75mm)  in  the  z  direction,  which 
represented  37.5%  of  the  sample  diameter.  This  microtexture  data  is  presented  in  Figure 
7.2(c)  and  shows  the  presence  of  a  shear-induced  deformation  texture.  An  idealized  A+B 
shear  texture,  adapted  from  Canova  et  al.  [Ref.  132],  is  provided  for  comparison.  The 
shear  direction  (SD)  is  indicated  by  a  red  arrow  and  shear  plane  normal  (SPN)  by  a  black 
arrow  in  Figure  7.2(c).  Altogether,  the  data  of  Figure  7.2  indicate  the  presence  of  a  shear 
texture  in  this  material.  However,  the  texture  is  inhomogeneous  and  a  large  volume  of 
material  must  be  examined  before  a  complete  shear  texture  is  observed.  Also,  the  shear 
plane  and  shear  direction  apparent  in  the  texture  do  not  correspond  to  the  shear  plane  and 
shear  direction  expected  from  the  ECAP  die  geometry.  Instead,  the  trace  of  the  shear 
plane  as  well  as  the  shear  direction  are  rotated  toward  the  x  axis  by  about  30°.  If  this 
discrepancy  is  taken  into  account  and  the  resulting  shear  textures  are  represented  in  Euler 
space  it  is  possible  to  calculate  the  relative  integrated  intensities  of  orientations  along  the 
A  and  B  fibers.  Accordingly,  the  A  fiber  component  accounts  for  ~10  times  more 
orientations  than  the  B  liber  component. 
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Figure  7.2.  Discrete  pole  figures  from  the  y  plane  for  pure  aluminum  after  one  ECAP 
pass,  (a)  and  (b)  are  representative  examples  from  lOOpmX  100pm  regions  illustrating 
the  inhomogeneous  texture  at  that  level  of  resolution,  (c)  is  from  a  region  traversing 
3750pm  (37.5%  of  the  sample  diameter)  in  the  z  direction,  showing  the  presence  of  a 
shear  texture  and  ideally  represented  as  A+B  type,  with  the  shear  direction  indicated 
by  the  red  arrow.  The  intensity  for  the  A  type  shear  texture  is  lOx  the  B  type. 


The  previous  study  showed  a  results  for  material  pressed  four  times  via  route  Be, 
and  indicated  an  inhomogeneous  microtexture  as  well  [Ref.  120].  Examples  of  textures 
from  100pm  X  100pm  areas  are  provided  in  Figure  7.3(a)  and  (b).  A  similar  approach 
was  taken  to  investigate  the  texture  over  a  larger  dimension  in  the  z  direction.  A  traverse 
of -10%  (1.0  mm)  of  the  sample  diameter  again  showed  the  presence  of  a  complete  shear 
texture;  again,  this  is  compared  to  the  idealized  shear  texture  in  Figure  7.3(c).  A  rotation 
of  the  shear  plane  trace  and  shear  direction  of  almost  45°  about  the  y  axis  toward  the  x 
axis  is  necessary  in  order  for  the  observed  and  idealized  shear  textures  to  coincide.  In  the 
rotated  reference  frame  the  A  and  B  components  were  found  to  have  almost  equal 
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Figure  7.3.  Discrete  pole  figures  from  the  y  plane  for  pure  aluminum  after  four  ECAP 
passes  via  route  Be.  (a)  and  (b)  are  representative  examples  from  lOOpmX  100pm 
regions  illustrating  the  inhomogeneous  texture  at  that  level  of  resolution,  (c)  is  from  a 
region  traversing  1000pm  (10%  of  the  sample  diameter)  in  the  z  direction,  showing 
the  presence  of  a  shear  texture  and  ideally  represented  as  A+B  type,  with  the  shear 
direction  indicated  by  the  red  arrow.  The  intensities  are  the  same  level  above  random, 
which  is  ~2.5  times. 

intensities  of  ~2.5  times  random.  The  same  comparative  approach  was  taken  to 


investigate  material  pressed  four  times  via  routes  A  and  C.  The  results  presented  in 
Figure  7.4(a)  and  (b),  for  routes  A  and  C,  respectively.  Route  A  has  a  dominant  A  type 
shear  texture  while  route  C  contains  nearly  equal  intensities  of  A  and  B  type. 


The  shear  texture  was  well  developed  by  twelve  pressings  and  evident  in  the 
100pm  X  100pm  regions  as  previously  investigated  for  route  Be  [Ref.  120].  Similar 
results  for  routes  A  and  C  have  also  been  reported  [Ref.  121].  The  micro  texture  from 
selected  100pm  X  100pm  areas  and  the  ideal  shear  alignment  are  provided  for  routes  A, 
Be  and  C  in  Figure  7.5(a),  (b)  and  (c),  respectively.  Rotations  of  -30°  about  the  y  axis 


are  needed  in  order  for  the  reference  axes  of  the  ideal  and  observed  shear  textures  to 
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Figure  7.4.  Discrete  pole  figures  from  the  y  plane  for  pure  aluminum  after  four  ECAP 
passes  via  route  A  (a)  and  C  (b)  from  a  regions  traversing  1000pm  (10%  of  the  sample 
diameter)  in  the  z  direction.  The  presence  of  a  shear  texture  and  ideally  represented  as 
A+B  type,  with  the  shear  direction  indicated  by  the  red  arrow.  The  intensities  for 
route  A  indicate  a  prominent  A  type  shear  texture  3x  the  level  of  the  B  type;  route  C 
has  a  equal  A  and  B  components  at  1.5x  random. 

coincide.  All  routes  were  found  to  have  higher  concentrations  of  the  A  type  shear  texture 

while  route  Be  showed  highest  A  type  intensity  at  14x  the  random.  However,  the 

microtexture  for  all  three  routes  has  become  more  diffuse,  indicating  the  presence  of 

more  random  orientations  in  the  structure.  The  integrated  intensities  for  each  shear 

texture  type  for  the  various  pressing  conditions  is  summarized  in  Table  7.1. 


Pure  A1  -  1  Pass 

A  type  =  14 

B  type  =  1.3 

Multiple  Pressings 

Route  A 

Route  Be 

Route  C 

Pure  A1  -  4  Passes 

A  type  =  3 

A  type  =  2.5 

A  type  =  1 .2 

B  type  =  1 

B  type  =  2.2 

B  type  =  1 .3 

Pure  A1  -  12  Passes 

A  type  =  6 

A  type  =  14 

A  type  =  2.8 

B  type  =  1 .2 

B  type  =  1 .2 

B  type  =  1 .2 

Table  7.1.  Maximum  intensity  (times  random)  of  shear  texture  type  for  various  ECAP 

conditions. 
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Figure  7.5.  Discrete  pole  figures  from  regions  on  the  y  plane  lOOpmX  100pm  for  pure 
aluminum  after  twelve  ECAP  passes  via  (a)  route  A,  (b)  route  Be  and  (c)  route  C. 
The  ideal  A+B  shear  texture  is  also  shown  with  the  shear  direction  indicated  by  the 
red  arrow.  The  intensities  for  route  A  indicate  a  predominant  A  type  shear  at  ~6x 
random  while  the  B  type  is  near  random  intensity;  route  Be  has  nearly  equal  fractions 
of  A  and  B  shear  textures,  both  slightly  above  random  (~1 ,4x  random  A  type  and 
~1.2x  random  B  type;  route  C  is  also  predominantly  A  type  ~3x  random  while  the  B 
type  is  equal  to  the  random  intensity. 


2.  Microstructure  of  Pure  Aluminum  After  One  ECAP  Pass 

Results  for  pure  aluminum  following  one  ECAP  pass  have  already  been  reported 
[Refs.  15-16,  120].  In  summary,  TEM  results  have  shown  that  the  structure  is  comprised 
of  bands  of  (sub)grains  that  are  elongated  and  nearly  aligned  with  the  shearing  direction. 
Within  the  limit  of  resolution  of  the  OIM  technique  the  OIM  results  were  in  agreement 
with  the  TEM  data.  Representative  OIM  grain  maps  from  the  y  and  x  planes  are 
provided  in  Figure  7.6  along  with  linear  misorientation  traverses  showing  gradual  lattice 
rotation  over  long  (>10pm)  distances  indicating  the  presence  of  the  substructure  below 
the  resolution  limit  of  OIM. 
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Figure  7.6.  OIM  data  from  pure  aluminum  after  one  ECAP  pass.  A  representative 
example  of  y  plane  data  in  (a)  showing  a  unique  grain  color  map  with  IQ 
superimposed,  the  locations  of  the  z  and  x  linear  profiles,  and  the  associated 
misorientation  profiles  in  red  and  blue  respectively.  In  (b),  a  representative  example 
of  x  plane  data  again  showing  a  unique  grain  color  map  with  IQ  superimposed,  the 
locations  of  the  z  and  y  linear  profiles,  and  the  associated  misorientation  profiles  in  red 
and  blue  respectively. 
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In  addition,  the  microstructure  was  generally  found  to  be  inhomogeneous.  The 
apparent  grain  size  from  the  OIM  unique  grain  color  maps  varied  greatly  from  location  to 
location.  The  corresponding  disorientation  distributions  generally  contained  large 
fractions  (from  40%  to  70%,  depending  on  location)  of  low-angle  (2°  -  5°)  boundaries, 
which  is  consistent  with  the  presence  of  a  deformation-induced  microstructure.  The 
locally  inhomogeneous  nature  of  the  structure  reflected  the  coarse  grain  size  (~lmm) 
prior  to  ECAP. 

3.  Microstructure  of  Pure  Aluminum  After  Four  ECAP  Passes 

Representative  OIM  unique  grain  color  maps  of  the  microstructures  for  pure 
aluminum  processed  either  by  route  A,  Bc  or  C  are  provided  in  Figures  7.7(a),  (b)  and  (c) 
respectively.  These  maps  were  produced  with  an  orientation  tolerance  of  2°.  All  routes 
were  found  to  give  some  common  characteristics  to  the  microstructure.  First,  the  grains 
tend  to  be  aligned  and  elongated  in  the  direction  of  shear  from  the  last  pressing  operation. 
The  grain  size  does  not  vary  significantly  from  route  to  route,  and  all  grain  sizes  for  these 
data  are  ~T.3pm.  This  grain  size  value  is  also  consistent  with  TEM  examination  of  this 
material  [Refs.  15-16,  120],  in  which  a  grain  size  of  ~1.2pm  was  observed  after  four 
ECAP  passes  by  route  Be.  Additional  results  of  microstructural  analysis  along  the  x  and 
z  directions  (not  included  here)  revealed  that  all  the  process  routes  had  a  similar  effect  on 
homogenizing  the  microstructure.  Furthermore  the  microstructure  was  essentially 
homogeneous  after  four  ECAP  passes. 

The  aforementioned  highlighting  technique  available  in  OIM  was  perfonned  on 
data  from  larger  areas  (lOOpmX  100pm)  using  the  acquired  local  microtexture  data,  in  the 
form  of  discrete  pole  figures,  and  OIM  IQ  maps  seen  in  Figure  7.8(a),  (b)  and  (c)  for 
routes  A,  Be  and  C,  respectively.  These  figures  indicate  that  alternating  bands  of  similar 
orientation,  separated  by  boundaries  of  high  disorientation  (9>40°),  are  present  in  all 
processing  routes.  The  thickness  and  preferred  orientations  vary  from  route  to  route  as 
well  as  locally  within  each  sample.  These  differences  in  microtexture  are  the  result  of  the 
different  rotations  of  the  samples  associated  with  the  various  routes  and  the  presence  of 
various  components  of  the  shear  texture  at  the  scale  investigated.  The  resulting  preferred 
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Figure  7.7.  OIM  unique  grain  color  maps  for  pure  aluminum  after  four  repetitive 
ECAP  pressings  following  (a)  route  A,  (b)  route  Be  and  (c)  rout  C  with  the  positive  x 
and  z  directions  indicated.  All  grain  maps  show  a  general  tendency  for  the  grains  to 
elongate  and  align  with  the  direction  of  shear  in  the  last  pressing  operation  while  being 
of  similar  (~1.3pm)  size,  regardless  of  the  process  route. 

local  orientations  tend  to  be  alternating  in  nature,  which  may  allow  the  greatest  amount  of 
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Figure  7.8.  OIM  IQ  only  maps  for  pure  aluminum  after  four  ECAP  passes  following 
(a)  route  A,  (b)  route  Be  and  (c)  route  C  with  the  locations  of  various  texture 
components  highlighted  as  well  as  boundaries  with  disorientation  in  excess  of  40°. 
Discrete  pole  figures  from  (d)  route  A,  (e)  route  Be  and  (f)  route  C  with  the 
corresponding  texture  components  highlighted. 
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plastic  deformation  with  a  minimum  of  slip  systems  active  for  the  local  region. 

TEM  investigation  of  route  Be  was  conducted  in  order  to  confirm  the  results 
obtained  by  OIM  and  to  ensure  that  micro-scale  features  of  importance  were  not 
overlooked.  The  data  in  Figure  7.9  shows  the  scale  of  the  microstructure  to  be  similar  to 
that  reported  in  this  and  previous  investigations  [Refs.  15-16,  120],  as  well  as  the 
tendency  of  the  grains  to  be  slightly  elongated  and  aligned  with  the  direction  of  the  last 
shearing  operation.  Furthermore,  the  use  of  the  TOCA  system  to  analyze  CBED  patterns 
and,  hence,  local  grain  orientations,  confirms  the  presence  of  alternating  bands  of 
(sub)grains  separated  by  high-angle  boundaries.  The  exact  alternating  orientations 
obtained  in  the  TEM  are  not  identical  to  those  obtained  by  OIM,  but  can  still  be  attributed 
to  various  components  of  the  shear  texture. 

The  disorientation  distributions  for  pure  aluminum  after  four  pressings  by  route 
Be  as  obtained  by  the  TEM  and  SEM  investigations  are  presented  in  Figure  7.10(a)  and 
(b),  respectively.  While  not  identical,  the  distributions  of  disorientations  are  comparable 
when  the  angular  resolution  of  CBED  pattern  analysis  in  the  TEM  and  the  number  of 
boundaries  encountered  in  the  OIM  investigation  are  considered.  The  large  fraction  of 
boundaries  in  the  0°-5°  bin  in  the  TEM  data  is  a  direct  result  of  the  greater  angular 
resolution  afforded  by  this  method.  It  also  reflects  the  inability  to  distinguish  gradual 
lattice  curvature  with  the  OIM  system,  as  shown  earlier.  The  lower  total  number  of 
boundaries  in  the  TEM  analysis  can  be  attributed  to  the  limited  area  investigated  in  the 
analysis,  and  this,  in  turn,  contributes  significantly  to  the  standard  error  in  the  TEM  data. 
The  similarities  should  also  be  emphasized.  Both  distributions  show  large  fractions  of 
low-angle  boundaries  and  the  presence  of  high- angle  boundaries. 

This  confirmation  and  analysis  can  be  extended  to  routes  A  and  C.  A  TEM 
investigation  would  be  expected  show  bands  of  (sub)grains  with  similar  orientations, 
separated  by  low-angle  boundaries  roughly  aligned  with  the  shear  plane  of  the  last 
pressing  pass.  Also,  these  bands  would  alternate  in  orientation  and  be  separated  by 
boundaries  of  high  disorientation. 
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Figure  7.9.  TEM  montage  of  pure  aluminum  after  four  repetitive  ECAP  passes  via 
route  Be  analyzed  using  CBED  patterns  and  TOC  A  to  determine  orientation  and 
disorientations.  The  red  highlighted  boundaries  correspond  to  disorientations  in 
excess  of  40°,  while  the  green  is  from  15°  to  40°.  All  other  apparent  grain  boundaries 
are  less  than  15°  in  disorientation;  most  are  less  than  5°.  The  representative  (200)  pole 
figure  axes  coincide  with  the  indicated  sample  axes  and  represent  some  of  the  local 
orientations. 


Figure  7.10.  Disorientation  distributions  for  pure  aluminum  after  four  ECAP  passes 
via  route  Be  from  the  y  plane  as  collected  by  (a)  TOCA  in  the  TEM  and  (b)  OIM  in 
the  SEM. 
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4.  Microstructure  of  Pure  Aluminum  After  Twelve  ECAP  Passes 

Material  that  had  undergone  twelve  ECAP  passes  was  similarly  examined.  The 
OIM  unique  grain  color  maps  in  Figure  7.11(a),  (b)  and  (c)  correspond  to  material 
pressed  twelve  times  by  route  A,  Be  or  C,  respectively.  The  grain  maps  indicate  a  further 
slight  grain  refinement,  to  the  same  apparent  size  of  ~1 ,0pm  for  all  routes.  Less 
elongation  in  the  shear  direction  of  the  last  pressing  operation  is  evident  than  in  the 
material  after  four  ECAP  operations.  However,  the  grains  still  tend  to  be  aligned  with  the 
shear  direction  of  the  last  pass.  This  indicates  the  retention  of  deformation-induced 
features  in  the  microstructure  at  this  point  in  the  processing. 

Microtexture  data  in  the  form  of  highlighted  discrete  pole  figures  and  IQ  maps 
were  used  to  show  the  locations  of  the  various  shear  texture  components  and  are 
presented  in  Figure  7.12  for  routes  A,  Bc  and  C.  Although  there  are  no  noticeable  band¬ 
like  features  present  at  this  stage  in  the  processing,  groups  of  (sub)grains  are  still 
clustered  about  a  similar  orientation  that  belongs  to  the  shear  texture,  and  the  various 
orientations  of  the  shear  texture  in  the  microstructure  are  separated  by  high-angle 
boundaries.  Also  of  note  is  that  the  shear  texture  is  now  present  on  a  scale  of  100pm  or 
less,  indicating  that  the  bands  present  after  four  pressing  operations  have  been  reduced  in 
thickness,  or  cut  in  the  course  of  repetitive  pressing  operations.  As  in  material  pressed 
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Figure  7.1 1.  OIM  unique  grain  color  maps  for  pure  aluminum  after  twelve  repetitive 
ECAP  pressings  following  (a)  route  A,  (b)  route  Be  and  (c)  route  C  with  the  positive  x 
and  z  directions  indicated.  In  comparison  to  Figure  7.7,  all  grain  maps  again  show  a 
general  tendency  for  the  grains  to  elongate  slightly  and  align  with  the  direction  of 
shear  of  the  last  pressing  operation.  The  apparent  grain  size  for  all  pressing  conditions 
has  been  further  refined  to  -  1 .0pm,  but  appears  to  have  little  dependence  on  the 
process  route  followed.  ^4 


four  times,  the  shear  texture  from  the  final  pass  through  the  ECAP  die  can  be  discerned 
as  the  dominant  texture  feature,  however  other  ‘random’  orientations  are  seen  to  be 
present  in  significant  numbers. 

TEM  investigation  of  route  Be  material  was  again  conducted  in  order  to  confirm 
the  results  obtained  by  OIM,  and  to  ensure  that  micro-scale  features  of  importance  had 
not  been  overlooked.  The  data  of  Figure  7.13  shows  a  microstructure  essentially 
identical  to  that  reported  in  this  and  in  previous  investigations  [Refs.  15-16,  120],  and 
also  illustrates  the  tendency  of  the  grains  to  be  more  equi-axed  in  shape.  CBED  analysis 
confirmed  the  presence  of  clusters  of  (sub)grains  separated  internally  by  low-angle 
boundaries  and  externally  by  high-angle  boundaries.  The  alternating  orientations 
obtained  in  four  pass  material  are  no  longer  predominant  but  instead  have  been  replaced 
by  the  clusters  resulting  from  the  continued  severe  deformation  of  the  material  in  shear. 
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Figure  7.12.  OIM  IQ  only  maps  for  pure  aluminum  after  twelve  ECAP  passes 
following  (a)  route  A,  (b)  route  Be  and  (c)  route  C  with  the  locations  of  various  shear 
texture  components  highlighted  as  well  as  boundaries  with  disorientations  in  excess  of 
40°.  Discrete  pole  figures  from  (d)  route  A,  (e)  route  Bc  and  (f)  route  C  with  the 
corresponding  shear  texture  components  highlighted. 
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Figure  7.13.  TEM  montage  of  pure  aluminum  after  twelve  repetitive  ECAP  passes  via 
route  Be  analyzed  using  CBED  patterns  and  TOC  A  to  determine  orientation  and 
disorientations.  The  red  highlighted  boundaries  correspond  to  disorientations  greater 
than  40°,  green  indicates  boundaries  from  15°  to  40°  and  blue  highlights  boundaries 
from  10°  to  15°.  All  other  boundaries  have  less  than  10°  disorientation.  The 
representative  (200)  pole  figures  axes  coincide  with  the  indicated  sample  axes  and 
represent  some  of  the  local  orientations. 

A  comparison  of  disorientation  distributions  obtained  by  TEM  and  SEM  methods 
from  the  pure  aluminum  after  twelve  pressings  by  route  Be  is  presented  in  Figure  7.14. 
The  results  are  similar  to  those  reported  for  material  after  four  ECAP  passes. 
Specifically,  there  is  a  larger  fraction  of  boundaries  in  the  0°-5°  bin  for  the  TEM  data 
{Figure  7.14(a)}  due  to  the  finer  angular  resolution,  0.1°,  of  CBED  analysis  as  compared 
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to  the  2°  limit  of  resolution  for  the  OIM  data  {Figure  7.14(b)}.  Other  than  the  0°-5°  bin 
the  distributions  are  similar  in  all  disorientation  ranges  when  the  standard  error  is 
considered.  Both  distributions  show  large  fractions  of  low-angle  boundaries  indicating 
the  presence  of  a  deformation  induced  microstructure  and  an  overall  increase  in  the 
fraction  of  high-angle  boundaries  when  compared  to  material  processed  by  four  ECAP 
passes.  Again,  it  may  be  inferred  that  Routes  A  and  C  will  also  demonstrate  the  same 
characteristics  if  investigated  using  TEM  methods.  Specifically,  a  TEM  investigation 
would  be  expected  show  (sub)grain  clusters  of  similar  orientation,  low-angle  boundaries 
separating  the  (sub)grains,  and  high-angle  boundaries  separating  the  clusters. 
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Figure  7. 14.  Disorientation  distributions  for  pure  aluminum  after  twelve  ECAP  passes 
via  route  Be  from  the  y  plane  as  collected  by  (a)  TOCA  in  the  TEM  and  (b)  OIM  in 
the  SEM. 


5.  Microstructure  and  Microtexture  of  Al-3%Mg-0.2%Sc  After  Eight 
ECAP  Passes 


Al-3%Mg-0.2%Sc  material  that  had  undergone  eight  ECAP  passes  and 
subsequent  annealing  at  400°C  for  ~1  Omin,  was  examined  using  these  same  techniques. 
The  OIM  analysis  revealed  a  grain  size  of  ~1.0pm,  which  is  similar  to  that  reported 
earlier  [Ref.  112].  The  locations  of  the  various  shear  texture  components  and  are 
presented  in  Figure  7. 15  for  routes  A,  Be  and  C  using  highlighted  IQ  maps  along  with  the 
corresponding  discrete  pole  figures.  Groups  of  (sub)grains  are  again  found  in  clusters 
corresponding  to  the  various  shear  texture  orientations  and  the  clusters  are  separated  by 
high-angle  boundaries.  The  shear  texture  is  now  present  on  a  fine  scale  after  eight 
pressing  operations,  indicating  that  the  band-like  features  observed  in  the  pure  aluminum 
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Figure  7.15.  OIM  IQ  only  maps  with  regions  corresponding  to  the  associated  discrete 
pole  figures  highlighted  along  with  boundaries  in  excess  of  40°  (in  white)  from 
regions  100pm2  of  Al-3%Mg-0.2%Sc  after  eight  ECAP  passes  and  a  400°C  anneal  to 
simulate  times  encountered  during  superplastic  deformation  via  route  A  in  (a)  and  (b), 
route  Be  in  (c)  and  (d)  and  route  C  in  (e)  and  (f).  The  shear  texture  intensities  are  as 
follows:  in  route  A,  A  type  4.5x  random,  B  type  8.5x  random;  route  Be,  A  type  1.5x 
random,  B  type  3x  random;  and  route  C,  A  type  13x  random,  B  type  equal  to  random. 
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have  been  broken  up  into  clusters  more  readily  as  a  result  of  the  alloying  additions.  As  in 
material  pure  aluminum  pressed  twelve  times,  the  shear  from  the  final  pass  through  the 
ECAP  die  can  be  discerned  as  the  dominant  texture,  however  random  orientations  are 
present  in  significant  numbers. 

D.  DISCUSSION 

It  has  been  well  established  that  severe  plastic  deformation  (SPD)  by  repetitive 
ECAP  may  be  employed  to  produce  grain  sizes  at  the  micron  or  sub-micron  scale. 
However,  predictive  models  for  the  process  of  grain  refinement  remain  to  be  developed. 
Processing  nominally  pure  aluminum  through  a  single  ECAP  pass  at  room  temperature 
leads  to  the  development  of  elongated  bands  of  (sub)grains.  It  has  been  shown  elsewhere 
[Refs.  15-16,  120]  that  the  bands  are  ~1.2pm  in  width,  ~4pm  in  length  and  nominally 
aligned  with  the  trace  of  the  shear  plane.  A  banded  microstructure  is  also  evident  in  the 
OIM  results  excepting  that  the  bands  are  not  of  unifonn  size  throughout  the  sample.  OIM 
results  also  indicate  the  presence  of  similar  orientations  over  large  regions  of  the  sample 
and  accompanying  lattice  curvature,  indicating  a  buildup  of  dislocations  that  are  arranged 
to  form  low-angle  boundaries.  The  micro-texture  varies  from  location  to  location  at  a 
micro  level  but  at  each  location  is  part  of  a  macroscopic  shear  texture  present  in  the 
material.  A  band-like  sequence  of  orientations  was  not  readily  apparent  in  material  after 
one  ECAP  pass.  However,  regions  of  different  orientations  that  are  separated  by  high- 
angle  boundaries  were  encountered  in  this  investigation.  It  can  be  inferred  that  the  band 
structure  may  have  existed  on  a  scale  larger  than  that  investigated  in  100pm  X  100  pm 
regions  and  the  probable  width  of  the  bands  was  on  the  order  of  a  few  100’s  of  microns. 

Pure  aluminum  pressed  four  times  by  various  ECAP  routes  exhibited  similar 
general  characteristics  irrespective  of  route.  The  apparent  grain  size  was  refined  to 
~1 .2pm.  The  (sub)grains  tended  to  be  elongated  and  aligned  with  the  shear  direction  of 
the  last  pressing  pass.  A  previous  study  [Ref.  121]  indicated  that  there  was  no  substantial 
difference  in  the  relative  fraction  of  disorientation  distributions  to  within  the  error 
associated  with  the  data  collection  method,  and  that  the  fraction  of  low-angle  boundaries 
significantly  decreased  after  four  pressing  operations.  The  textures  developed  after  four 
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pressing  operations  remain  inhomogeneous  when  examined  at  a  scale  less  than  ~10%  of 
the  sample  diameter.  The  macro-texture  for  all  routes  contain  elements  of  the  A  and  B 
shear  textures  to  varying  degrees.  The  presence  of  an  alternating  band-like  structure  is 
seen  in  all  routes  with  the  alternating  orientations  belonging  to  various  parts  of  the  overall 
shear  texture.  It  has  been  reported  elsewhere  [Ref.  122]  that  elongated,  lamellar 
structures  separated  by  high- angle  boundaries  are  observed  in  material  after  ECAP. 

Pure  aluminum  pressed  twelve  times  and  an  aluminum  alloy  pressed  eight  times 
by  the  various  ECAP  routes  indicate  the  break-up  of  the  alternating  band-like  features 
and  are  subsequently  replaced  by  (sub)grain  clusters  belonging  to  shear  texture 
components.  The  disorientation  distributions  in  the  previous  study  of  pure  aluminum 
after  twelve  ECAP  passes  by  McNelley  et  al.  [Ref.  121]  indicate  a  further  reduction  in 
the  population  of  low-angle  boundaries  without  the  appearance  of  a  random  distribution, 
predicted  by  MacKenzie  [Ref.  135]  for  randomly  oriented  cubes.  The  disorientation 
distribution  tends  to  flatten  significantly,  as  would  be  the  case  for  a  pure  fiber  texture. 
The  difference  arise  from  the  incomplete  fiber  textures  developed  during  shear  and  the 
presence  of  a  random  texture  component  that  probably  results  from  the  rotation  of  the 
billet  between  passes,  and  the  associated  reoriented  shear  direction  -  shear  plane.  The 
microstructure  still  contains  a  large  fraction  of  low-angle  boundaries,  indicating  a 
defonnation-induced  microstructure. 

The  formation  and  subsequent  elimination  of  the  alternating  band-like  features 
observed  here  can  be  explained  with  a  defonnation-banding  model  along  with  the 
apparent  grain  refinement  of  the  material.  Plastic  deformation  will  create  dislocations 
and,  in  turn,  generate  dislocation  pile-ups.  This  will  result  in  dislocation  rearrangement 
to  a  minimize  the  amount  of  stored  energy,  i.e.  recovery.  This  recovery  process  can  be 
aided  by  the  adiabatic  heating  encountered  during  plastic  deformation.  The 
rearrangement  of  the  like-sign  dislocations  into  low-angle  dislocation  boundaries  may 
result  in  lattice  curvature  over  an  extended  region.  In  order  to  minimize  the  amount  of 
energy  expended  during  subsequent  deformation,  these  regions  will  be  oriented  so  as  to 
minimize  the  number  of  active  slip  systems  and  hence  reduce  the  probability  of 
dislocation  entanglement  and  pinning.  In  order  to  accommodate  the  macroscopic  plastic 
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deformation,  bands  of  alternating  orientation  develop  as  a  result  of  the  combination  of 
lattice  curvature  and  the  minimization  of  active  slip  systems.  The  orientation  of  these 
regions  must  be  such  that  the  overall  macroscopic  plastic  deformation  can  be  accounted 
for  when  all  regions  are  summed  together.  In  other  words,  a  single  small  region  may 
form  bands  consisting  of  one  alternating  sequence  due  to  the  local  stress-strain  state 
while  another  region  may  form  bands  with  a  different  set  of  alternating  orientations  to 
accommodate  different  local  stress-strain  conditions.  The  bands  would  tend  to  be  highly 
disoriented  but  still  related  through  a  symmetric  variant  type  of  orientation  difference.  If 
the  degree  of  recovery  were  sufficient,  dislocations  may  annihilate  and  the  regions 
separating  the  band  variants  could  develop  into  a  high-angle  grain  boundary  with  a 
thickness  of  a  few  nanometers.  The  internal  structure  of  the  bands  would  consist  of  low- 
angle  dislocation  boundaries  formed  to  minimize  the  internal  energy  and  still 
accommodate  the  lattice  curvature  within  each  band.  After  one  ECAP  operation,  these 
bands  are  probably  on  the  order  of  the  original  grain  size  and  the  prior  grain  boundaries 
may  be  indistinguishable  from  the  band -band  interfaces. 

Upon  subsequent  defonnation,  the  band  structure  formed  in  the  previous  pass 
would  be  broken  up  by  the  same  mechanisms  and  a  new  band  structure,  on  a  finer  scale 
would  become  evident.  This  would  result  from  the  existing  bands  not  being  amenable  to 
accommodate  the  new  plastic  deformation,  i.e.  different  macroscopic  stress-strain  state, 
while  minimizing  the  stored  energy  and  utilizing  the  existing  slip  systems.  The 
defonnation  processes  previously  described  (dislocation  formation,  motion  and 
entanglement,  lattice  curvature,  etc.)  would  be  accounted  for  by  the  break-up  of  the 
bands  into  finer  bands  meeting  the  criteria  outlined  above.  As  shown  in  this  research,  the 
band  thickness  after  four  ECAP  passes  in  pure  aluminum  varied  from  a  few  micrometers 
up  to  ~25pm  depending  on  the  process  route  and  location  examined. 

This  process  would  be  repeated  through  subsequent  pressing  operations  until  the 
bands  are  of  the  same  thickness  as  the  (sub)grains  within  each  band.  The  final  ultimate 
size  of  these  grain-clusters  is  most  likely  a  function  of  the  alloying  content  and  other 
material  specific  parameters. 
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VIII.  MODELING  OF  PLASTIC  DEFORMATION 


A.  INTRODUCTION 

Texture  modeling  was  accomplished  using  the  Visco-Plastic  Self-Consistent 
(VPSC)  code  provided  by  Dr.  C.N.  Tome  and  written  at  Los  Alamos  National 
Laboratory.  The  following  description  is  based  on  the  VPSC  manual  [Ref.  186]  for  this 
code,  which  is  written  in  the  FORTRAN77  programming  language.  The  code  was 
written  to  simulate  the  plastic  deformation  of  polycrystalline  aggregates.  VPSC  can 
account  for  full  anisotropy  in  properties  and  response  of  both  the  individual  crystals  and 
the  aggregate,  where  applicable.  It  simulates  the  plastic  defonnation  of  aggregates 
subjected  to  external  strains  and  stresses.  VPSC  is  based  on  the  physical  deformation 
mechanisms  of  slip  and  twinning.  Grain  interactions  were  not  taken  into  account  in  the 
current  study  although  the  program  is  capable  of  treating  grain-grain  interactions  in  a 
limited  way.  In  addition  to  providing  the  macroscopic  stress-strain  response,  it  accounts 
for  hardening,  reorientation  and  the  shape  change  of  individual  grains  and  it  can  predict 
the  evolution  of  hardening  and  texture  associated  with  plastic  forming.  The  simulation 
procedure  was  applied  here  to  the  deformation  of  fee  metals,  but  can  be  used  to  simulate 
intennetallics  and  geologic  materials  as  well. 

The  fonnal  theory  upon  which  the  code  is  based  is  explained  in  detail  by 
Lebensohn  and  Tome  [Ref.  187],  and  also  in  Chapter  1 1  of  the  book  by  Kocks  et  al.  [Ref. 
188],  Extensions  of  the  theory  can  be  found  in  the  papers  by  Lebensohn  et  al.  [Ref.  189] 
and  Tome  [Ref.  190], 

The  polycrystal  is  represented  by  means  of  weighted  orientations.  The 
orientations  represent  grains  and  the  weights  represent  volume  fractions  of  material 
corresponding  to  these  orientations.  The  latter  are  chosen  to  reproduce  the  initial  texture 
of  the  material.  Each  grain  is  treated  as  an  ellipsoidal  visco-plastic  inclusion  embedded 
in  an  effective  visco-plastic  medium.  Both  inclusion  and  medium  have  fully  anisotropic 
properties,  if  applicable.  The  effective  medium  represents  the  ‘average’  environment 
‘seen’  by  each  grain.  Defonnation  is  based  on  the  crystal  plasticity  mechanisms  of  slip 
and  twinning,  each  activated  by  the  appropriate  resolved  shear  stress. 
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The  main  FORTRAN77-based  code  that  calls  all  input  files  and  subroutines  was 
not  modified  in  the  current  work.  The  input  parameter  file  ‘vpsc5.in’  was  the  file 
employed  to  specify  input  parameters  such  as:  textures,  grain  shapes,  grain  elongations, 
the  type  and  extent  of  deformation,  and  the  imposed  boundary  conditions.  The  velocity 
gradient  tensor  was  modified  to  impose  the  macroscopic  deformation  conditions.  Plane 
strain,  uniaxial  tension  and  pure  shear  were  investigated  in  this  study.  The  amount  of 
macroscopic  deformation  was  controlled  by  specifying  a  deformation  incremental  step 
for  one  component  of  the  velocity  gradient  (udot  in  the  code)  tensor  and  subsequently 
defining  a  prescribed  number  of  deformation  steps  to  be  evaluated.  The  total  amount  of 
defonnation  was  recorded  in  an  output  file  in  a  tabular  form  that  listed  for  each  step  of 
the  deformation  the  total  equivalent  von  Mises  strain  and  the  individual  tensorial  strain 
and  stress  components.  Another  output  file  included  the  texture  in  the  form  of  Euler 
angles  to  describe  the  final  orientation  of  each  grain.  The  output  as  well  as  the  input 
texture  files  could  be  adapted  for  use  with  the  OIM  software,  thus  allowing  pole  figure 
representations  to  be  created  and  used  for  comparison. 

The  initial  (or  input)  textures  used  in  this  study  are  schematically  represented  in 
the  pole  figures  of  Figure  8.1.  The  four  ‘ideal’  starting  textures  used  in  this  study  include 
the  following:  equal  volume  fractions  of  the  B  variants;  equal  volume  fractions  of  the  C 
variants;  a  random  texture;  and  equal  volume  fractions  of  the  symmetric  B,  S  and  C 
variants  to  roughly  simulate  a  deformation  induced  texture  along  the  P  fiber  of  an  fee 
metal. 

B.  EXPERIMENTAL  PROCDURES 

The  analysis  was  conducted  using  the  aforementioned  input  textures  and 
controlling  input  parameters  to  model  the  texture  development  after  various  subsequent 
deformations.  The  VPSC  input  code  was  modified  to  model  plane  strain,  uniaxial  tension 
and  pure  shear.  The  modeling  was  conducted  for  comparison  with  results  obtained  from 
the  material  systems  studied  during  this  research. 

Representative  examples  for  the  velocity  gradients,  udot,  during  various 

deformation  conditions  are  provided  in  Equations  8.1  through  8.3.  Equation  8.1 
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Figure  8.1.  Constructed  ideal  starting  textures.  In  (a),  equal  volume  fractions  of  the  B 
type  variants;  (b),  equal  volume  fractions  of  the  C  variants;  (c)  random  texture;  and 
(d)  equal  volume  fractions  of  the  two  B  and  C  variants  and  four  S  variants  to  simulate 
a  deformation  texture  (P  fiber)  encountered  after  rolling  an  fee  material, 
represents  plane  strain  deformation  with  compression  occurring  in  ND  and  elongation  in 


RD.  Equation  8.2  presents  the  velocity  gradient  used  during  uniaxial  tension  deformation 
with  the  tensile  axis  aligned  with  RD.  Finally,  Equation  8.3  is  the  tensor  representing  a 
state  of  pure  shear  having  the  shear  direction  aligned  with  RD  and  the  shear  plane  normal 
aligned  with  TD. 


udot 


PlaneStrain 


f-\  0  0^ 
0  0  0 


0  0  1 


udot. 


UniaxialTension 


f\ 

0 

v0 


0 

-0.5 

0 


0  ^ 
0 

0.5  j 


Equation  8.1 


Equation  8.2 


135 


udot  PureShear 


f 0  1  (C 

0  0  0 

V°  0  °y 


Equation  8.3 


C.  RESULTS 

1.  Modeling  of  Plane  Strain  Deformation 

Plane  strain  conditions  were  examined  utilizing  the  VPSC  code  to  simulate  a 
rolling  reduction  of  -92%  on  fee  materials  with  equi-axed  grains  and  various  starting 
textures.  Figure  8.2  presents  data  for  the  various  starting  textures  after  plastic 
defonnation.  An  initially  random  starting  texture  is  seen  to  converge  rapidly  to  a  plane 
strain  defonnation-induced  texture  in  Figure  8.2(a)  after  straining  to  stme~2.5.  This 
simulated  deformation  texture  is  composed  predominantly  of  the  P  fiber  variants  but  with 
extra  components  connecting  the  B  and  Goss  texture  variants.  These  extra  orientations 
are  part  of  the  a  fiber  and  are  also  observed  during  rolling  of  fee  metals. 

Initial  starting  textures  consisting  of  the  either  the  B  or  C  texture  variants  were 
deformed  by  modeling  in  order  to  confirm  their  stability  during  plane  strain  defonnation. 
Figures  8.2(b)  and  (c)  present  data  for  a  simulated  rolling  reduction  of  ~92%  for 
materials  having  either  an  initial  B  or  C  type  texture,  respectively.  Both  the  B  and  C 
orientations  are  stable  during  plane  strain  reduction  although  both  texture  types  exhibit  a 
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Figure  8.2.  Macro-texture  predicted  after  a  rolling  reduction  of  92%  (strUe~2.5)  from 
various  original  starting  textures;  (a)  random,  (b)  B  variants,  and  (c)  C  variants.  This 
shows  the  predictive  capability  of  the  VPSC  model  and  the  stability  of  the  B  and  C 
texture  variants  during  plane  strain  deformation  for  equi-axed  grains. 
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tendency  for  the  end  orientations  to  spread  somewhat  about  the  RD  and,  in  the  case  of  the 
C  texture,  to  spread  about  the  TD  as  well.  This  may  reflect  the  assumption  of  initially 
equi-axed  grains.  Both  the  B  and  the  C  orientations  will  give  plane  strain  deformation 
with  the  activation  of  only  two  slip  systems  although  there  will  be  an  additional  shear  in 
either  case  that  is  averaged  out  over  large  numbers  of  grains.  The  spreading  of  these 
initial  textures  may  reflect  the  assumption  of  initially  equi-axed  grains  and  the 
contribution  of  the  additional  shear  term. 

2.  Modeling  of  Uniaxial  Tension 

The  B,  C,  random  and  P  fiber  textures  were  deformed  in  a  state  of  uniaxial  tension 
along  either  the  rolling  or  transverse  directions  to  a  nominal  100%  plastic  elongation 
(sVm~0.69).  Additionally,  the  effects  of  grain  aspect  ratios  were  investigated  for  selected 
cases.  The  resulting  textures  are  presented  in  Figures  8.3  through  8.5. 

Results  for  the  B  texture  variants  deformed  in  uniaxial  tension  are  provided  in 
Figure  8.3.  The  resulting  macro  texture  after  defonnation  with  the  tensile  axis  parallel  to 
the  rolling  direction  are  seen  in  Figure  8.3(a)  for  grains  with  an  initial  aspect  ratio  of  10:1 
(RD:ND)  and  Figure  8.3(b)  for  initially  equi-axed  grains.  In  both  cases,  a  partial  fiber 
texture  can  be  seen  to  result  from  the  tensile  deformation.  Comparison  with  the  initial  B 
texture  shows  that  there  is  lattice  rotation  about  ND  such  that  a  <1 1 1>  from  each  variant 
tends  to  align  with  RD.  Such  lattice  rotation  during  deformation  results  in  a  <11 1> 
aligned  with  the  tensile  axis  thus  allowing  six  independent  slip  systems  to  become  active 
in  each  grain.  The  elongated  grain  shape  appears  to  stabilize  the  transition  to  a  <11 1> 
partial  fiber  by  accommodating  rapid  reorientation  of  each  grain  to  a  stable  end 
orientation.  This  end  orientation  is  very  near  the  initial  individual  grain  orientations  in 
the  B  texture  variants.  Equi-axed  grains  allow  a  greater  spread  in  orientations.  This  is 
the  result  of  the  ability  of  these  grains  to  rotate  more  freely,  not  being  constrained  by 
their  shape,  into  other  alignments  that  will  also  accommodate  deformation  by  uniaxial 
tension.  Inspection  of  Figure  8.3(b)  reveals  concentrations  of  grains  near  the  Goss 
orientation.  The  spreading  of  these  orientations  along  the  TD  axis  would  represent  a 
partial  <002>  fiber.  This  orientation  grouping  is  also  stable  in  uniaxial  tension  by  having 
eight  equally  stressed  slip  systems  of  the  <1 10>(1 1 1)  type. 
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Analysis  of  deformation  of  the  B  texture  in  the  transverse  direction  is  similar  in 
that  a  partial  <1 1 1>  fiber  is  seen  to  result.  This  is  a  direct  consequence  of  the  initial  B 
texture  having  a  <11 1>  aligned  with  TD,  as  seen  in  Figure  8.1(a).  Figure  8.3(c) 
represents  initially  elongated  grains.  The  elongated  grains  appear  to  hinder  the  rapid 
sharpening  of  the  <1 1 1>  partial  fiber.  This  can  be  accounted  for  by  the  inability  of  the 
elongated  grain  to  freely  rotate  and  thus  align  and  accommodate  all  plastic  defonnation. 
This  is  in  contrast  to  the  rapid  texture  sharpening  of  the  equi-axed  grains  observed  in 
Figure  8.3(d).  If  grain  sub-division  were  incorporated  into  the  model,  it  would  be 
expected  to  produce  a  similar  sharpening  of  the  <1 1 1>  partial  fiber. 
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Results  of  the  macrotexture  from  similar  analysis  of  defonnation  of  an  initial  C 
type  texture  are  presented  in  Figure  8.4.  The  tensile  deformation  aligned  with  RD 
produces  the  expected  partial  <1 1 1>  fiber  from  the  rapid  sharpening  of  the  <1 1 1>  already 
nearly  aligned  with  RD  in  the  initial  condition.  This  will  allow  defonnation  in  both 
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conditions,  with  elongated  and  equi-axed  grains.  Deformation  in  the  transverse  direction 
for  both  conditions  results  in  a  more  diffuse  texture.  This  results  from  the  lack  of  readily 
available  orientations  requiring  little  grain  rotation  that  will  allow  a  maximum  number  of 
slip  systems  to  be  equally  stressed  and  hence  accommodate  uniaxial  tension.  It  can  be 
seen  that  <1 1 1>  fibers  are  in  the  early  stages  of  formation  in  both  cases.  The  equi-axed 
grains  are  allowed  to  rotate  more  easily  and  hence  the  fiber  formation  is  more  advanced 
in  this  case. 
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Figure  8.4.  C  texture  variants  deformed  under  uniaxial  tension  to  100%  elongation  for 
the  following  conditions:  (a)  and  (b)  tensile  axis  is  RD;  (c)  and  (d)  tensile  axis  is  TD; 
(a)  and  (c)  10:1  (tensile  axis:ND)  grain  aspect  ratio;  (b)  and  (d)  equi-axed  grains. 

Uniaxial  tension  in  RD  was  also  examined  for  materials  with  initial  random  and 

plane  strain  induced  textures.  Deformation  of  the  initially  random  textured  material  can 

be  seen  to  result  in  a  double  fiber  consisting  of  a  <11 1>  and  <002>  aligning  with  the 

tensile  axis,  RD,  in  Figure  8.5(a).  The  initial  defonnation  induced  texture,  when 

defonned  in  tension  in  RD,  resulted  in  a  near  <11 1>  single  fiber  in  both  the  elongated 

and  equi-axed  grain  conditions  seen  in  Figures  8.5(b)  and  (c)  respectively.  This  results 

from  the  concentration  of  <11 1>  poles  near  RD  in  the  initial  texture  of  Figure  8.1(d). 
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Both  grain  shape  conditions  require  only  slight  grain  rotation  to  align  a  <11 1>  with  the 
tensile  axis. 
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Figure  8.5.  Macro-textures  predicted  by  VPSC  for  uniaxial  tension  to  100% 
elongation  in  RD  with  the  following  initial  conditions:  (a)  random  texture  with  equi- 
axed  grains;  (b)  deformation  texture  with  a  10:1  (RD:ND)  grain  shape  aspect  ratio;  (c) 
deformation  texture  with  initially  equi-axed  grains.  All  show  the  formation  of  a 
<11 1>  fiber  texture  aligning  with  the  tensile  axis  (RD);  (a)  shows  and  additional 
<002>  fiber  aligned  with  RD. 

3.  Modeling  of  Pure  Shear 

An  initially  random  texture  was  subjected  to  pure  shear  via  VPSC  modeling  to 
sVM~l-0,  which  is  approximately  the  strain  encountered  during  one  equal-channel 
pressing  operation  with  a  90°  die.  The  resulting  textures  are  presented  in  Figures  8.6(a) 
and  (c).  Figure  8.6(b)  is  the  same  data  as  (a)  but  rotated  45°  anti-clockwise  in  order  to 
allow  ease  of  comparison  to  the  shear  modeled  in  (c).  The  shear  deformation  resulting  in 
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Figure  8.6.  VPSC  modeled  texture  in  pure  shear  in  (a),  rotated  45°  clockwise  in  (b) 
and  texture  after  modeling  shear  at  a  45°  angle  by  coupling  two  shearing  operations. 
The  single  shear  case  in  (a)  and  (b)  indicate  a  predominance  of  A  type  component  (6x 
random)  while  the  B  type  is  only  just  above  the  random  density  (1.2x  random).  The 
shear  case  in  (c)  indicates  a  prominent  A  type  (8x  random)  and  stronger  B  type  (2x 
random).  140 


the  texture  seen  in  Figure  8.6(a)  was  modeled  using  the  skew  symmetric  velocity  gradient 
tensor  provided  in  Equation  8.3.  This  deformation  condition  imposed  a  shear  direction 
parallel  to  TD  acting  on  the  plane  whose  nonnal  is  RD.  The  resulting  texture  is  very 
close  to  that  predicted  by  Canova  et  al.  [Ref.  132],  The  shear  was  also  modeled  using  a 
symmetric  velocity  gradient  tensor  and  the  resultant  texture  is  provided  in  Figure  8.6(c). 
The  results  are  similar  to  an  imposed  single  shear  rotated  45°  anti-clockwise  with  slight 
differences  in  the  resulting  texture.  These  texture  differences  imply  path  dependence 
within  the  VPSC  model. 

D.  DISCUSSION 

Accurate  modeling  of  defonnation  processes  at  all  characteristic  length  scales  will 
aid  in  the  predictive  capability  currently  in  use,  which  is  based  mainly  on  empirical  data. 
The  visco-plastic  self-consistent  (VPSC)  model,  and  others  like  it,  are  an  important  step 
towards  the  accurate  predictive  modeling  necessary  to  evaluate  emerging  technology, 
specifically  with  respect  to  severe  plastic  deformation  (SPD)  processing.  Innovative  SPD 
techniques  must  be  able  to  be  modeled  and  evaluated.  This  predictive  capability,  lacking 
as  of  yet,  will  afford  users  insight  into  grain  refinement  mechanisms  and  the  degree  to 
which  grain  refinement  may  be  obtained  with  SPD  processing. 

The  VPSC  modeling  of  plane  strain  deformation  demonstrated  the  accuracy  in 
predicting  the  macroscopic  texture  that  would  evolve  from  randomly  oriented,  equi-axed 
grains.  VPSC  converges  very  rapidly  and  predicts  a  much  sharper  final  texture  than 
observed  in  real  rolling  textures.  Figure  8.2(a)  represents  1000  random  starting  point  that 
have  converged  to  form  lines  with  no  spread  about  the  ideal  orientations.  An  actual  plane 
strain  defonnation  texture  from  a  comparable  final  strain  condition,  will  show  significant 
spreading  about  the  ideal  orientations,  e.g.,  as  can  be  seen  in  Figure  3.29(b). 

The  modeling  of  the  B  and  C  texture  variants  in  plane  strain  demonstrates  the 
stability  of  these  orientations  when  defonned  in  such  a  manner.  This  stability  is 
evidenced  by  the  lack  of  lattice  rotation  to  new  orientations  and  the  breakup  of  the 
existing  texture.  The  stability  of  the  texture  is  also  the  result  of  slip  systems  being 

present  and  aligned  in  the  input  texture  that  capable  of  supporting  this  type  of 
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deformation.  This  constitutes  a  direct  comparison  to  the  Supral  2004  material  of  Chapter 
V  and  the  Al-%5Ca-5%Zn  material  of  Chapter  VI.  The  Supral  2004  and  Al-5%Ca-5%Zn 
exhibit  prominent  B  and  C  single  texture  components,  respectively,  after  the 
thennomechanical  processing  (i.e.  rolling)  of  each  alloy.  The  thermomechanical 
processing  route  and  alloy  composition  are  sure  to  affect  the  final  texture  in  the  as-rolled 
condition.  The  current  level  of  modeling  available  can  not  predict  the  formation  of  these 
observed  single  component  textures.  However,  the  modeling  of  this  study  was  capable  of 
and  used  to  evaluate  the  stability  of  the  single  component  textures  during  further  plane 
strain  deformation,  assuming  the  pre-existing  or  starting  texture  was  one  of  those  stated. 

The  modeling  of  uniaxial  tension  was  used  to  evaluate  VPSC  for  comparison  to 
the  experimental  data  obtained  in  this  research.  The  single  component  textures  relating  to 
the  Supral  2004  and  Al-5%Ca-5%Zn  again,  were  shown  to  have  compatible  deformation 
in  certain  defonnation  modes  due  only  to  the  alignment,  or  lack  thereof,  of  the  slip 
systems  in  the  pre-existing  texture  variants.  The  B  texture  variants  sharpened  when  the 
tensile  axis  aligned  with  either  the  RD  or  TD  while  the  C  texture  variant  sharpened  when 
deformed  in  tension  along  RD.  The  transverse  defonnation  of  the  C  texture  variant 
resulted  in  the  break-up  of  the  texture  while  attempting  to  align  a  <1 1 1>  with  the  tensile 
axis.  The  Al-5%Ca-5%Zn  exhibited  a  similar  trend.  The  C  texture  became  more  diffuse 
and  there  was  a  sharpening  of  the  B  texture  components,  which  would  have  a  <11 1> 
aligned  with  the  tensile  axis  and  therefore  be  part  of  a  <1 1 1>  fiber. 

The  uniaxial  tension  defonnation  of  an  initially  random  texture  resulted  in  a 
<11 1>  <002>  double  fiber  aligning  with  the  tensile  axis.  The  results  of  rolled  copper 
subsequently  defonned  in  uniaxial  tension  slightly  above  the  recrystallization 
temperature  resulted  in  a  similar  macro  texture  and  was  presented  in  Chapter  III.  A 
previously  studied  [Ref.  137]  aluminum  5083  material  also  exhibited  the  fonnation  of  a 
<11 1>  fiber  aligned  with  the  tensile  axis.  The  5083  material  exhibited  a  random 
recrystallization  texture  along  with  a  very  fine  grain  size  resulting  from  particle- 
stimulated  nucleation  of  recrystallization  during  prior  processing.  The  copper  of  this 
study  was  allowed  to  recrystallize  but  annealing  at  a  low  temperature  minimized  the  grain 
growth.  As  seen  in  the  heavily  annealed  samples,  distinct  recrystallization  textures 
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developed  at  the  expense  of  the  random  component  of  the  texture.  The  retardation  of 
grain  growth  allowed  the  random  texture  component  to  remain  present  and  significantly 
contribute  to  the  accommodation  of  plastic  deformation  through  the  fonnation  of  the  fiber 
textures. 

The  simulated  rolling  texture  for  an  fee  metal  quickly  evolved  into  a  distinct 
<11 1>  single  fiber  aligned  with  the  tensile  axis  regardless  of  the  grain  shape.  This 
evolution  is  similar  to  that  described  for  the  single  component  B  and  C  texture 
defonnations  where  the  deformation  induced  <1 1 1>  directions  aligned  near  a  tensile  axis. 
This  initial  alignment  will  easily  accommodate  slight  grain  rotation  in  order  to  bring  the 
<11 1>  in  line  with  the  imposed  tension  and  thus  have  six  equally  stressed  slip  systems 
available  to  accommodate  deformation. 

The  shear  defonnation  studies  do  predict  the  formation  of  the  A  and  B  type  shear 
textures  as  defined  by  Canova  et  al.  [Ref.  132]  from  randomly  oriented  initial  grains  after 
deformation  by  pure  shear  to  8vm~1  or  nearly  equivalent  to  the  ECAP  material  after  one 
pass  presented  in  this  study.  The  VPSC  code  also  predicts,  to  varying  degrees,  similar 
shear  texture  developments  irrespective  of  the  starting  texture,  though  this  result  is  not 
included  here.  The  shear  textures  developed  were  partial  in  nature,  much  like  the  partial 
fiber  textures  developed  during  uniaxial  tension,  although  with  considerably  more 
spreading  to  encompass  nearly  the  entire  shear  texture.  It  can  be  concluded  that  VPSC 
will  predict  a  shear  texture  after  each  ECAP  pass,  however  with  no  length  scale. 

It  should  be  noted  that  VPSC  is  capable  of  being  coupled  to  a  finite  element 
program  also  set  up  for  the  modeling  of  plastic  deformation.  This  was  not  accomplished 
during  this  study.  As  a  consequence,  all  data  provided  by  the  modeling  exercises  are 
lacking  a  characteristic  length  scale.  If  the  processes  of  grain  sub-division  are  to  be 
accurately  modeled,  a  plastic  deformation  code  such  as  VPSC  and  a  finite  element  code 
must  both  be  able  to  account  for  interactions  at  the  micro-,  meso-,  and  macro-level. 
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IX.  SUMMARY  OF  RESULTS  AND  CONCLUSIONS 


A.  DEFORMATION  BANDING  DURING  PLANE  STRAIN  DEFORMATION 

Bands  of  alternating  lattice  orientation  have  been  shown  to  exist  in  metals 
defonned  by  rolling,  a  process  that  results  in  approximately  plane  strain  deformation 
conditions.  It  was  also  shown  that  the  bands  are  ribbon-like  in  shape  and  become  aligned 
with  the  rolling  direction  (RD).  For  the  case  of  pure  metals,  the  bands  comprised 
orientations  located  along  the  P  fiber,  which  may  be  as  defined  in  Euler  space  as 
connecting  one  or  the  other  of  the  B,  S  and  C  orientation  variants.  For  aluminum  alloys, 
the  bands  consisted  of  alternating  single-component  variants.  In  both  cases,  the  interface 
between  the  bands  was  shown  to  be  one  of  high  angular  disorientation. 

The  addition  of  alloying  elements  appears  to  be  responsible  for  the  stabilization  of 
specific  texture  components  resulting  in  a  regular,  repeating  pattern  of  alternating  texture 
components.  One  hypothesis  for  the  origin  of  the  single  component  texture  is  that 
anisotropy  may  result  from  these  alloy  additions.  The  effect  would  be  a  ‘soft’  direction 
in  the  lattice.  The  bands  may  then  form  and  align  in  such  a  manner  as  to  deform  readily 
by  slip  processes  utilizing  slip  systems  containing  that  ‘soft’  direction.  However,  the 
specifics  regarding  anisotropy  in  these  alloys  and  the  associated  origin  of  preferred 
individual  single  component  orientations  as  a  function  of  alloying  remain  to  be 
investigated. 

Second-phase  particles  containing  the  alloying  elements  were  also  observed  to 
result  in  the  break-up  of  the  distinctive  alternating  bands  into  clusters  of  similarly 
oriented  grains  that  roughly  align  with  RD.  Additionally,  some  alloying  elements,  such 
as  Sc  and  Zr,  may  contribute  to  the  stabilization  of  the  micro  structure  by  retarding  the 
migration  of  high-angle  grain  boundaries  during  elevated  temperature  deformation. 

These  observations  indicate  that  structures  containing  high-angle  interfaces  form 

during  large-strain  plastic  defonnation.  Then,  during  controlled  annealing  of  the  material 

under  recovery  dominated  conditions  high-angle  grain  boundaries  may  fonn  by 

dislocation  re-arrangement  within  the  high-angle  interfaces  while  a  distinct  sub-structure 

evolves  within  each  band.  High-angle  grain  boundaries,  when  combined  with  a  fine 
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grain  size,  are  desired  for  improved  mechanical  properties  such  as  those  provided  in 
Chapter  I. 


B.  DEFORMATION  BANDING  DURING  SHEAR  DEFORMATION 

Equal-Channel  Angular  Pressing  (ECAP)  is  a  process  that  may  give 
approximately  pure  shear  conditions  during  straining  and  is  capable  of  imposing  giving 
very  large  plastic  strains,  i.e.  ECAP  results  in  severe  plastic  defonnation  (SPD).  The 
ECAP  deformation  of  pure  aluminum  and  an  aluminum  alloy  has  been  shown  to  result  in 
the  formation  of  regions  with  bands  of  alternating  orientation  separated  by  high-angle 
interfaces.  The  bands  are  observed  at  various  length  scales,  which,  in  turn,  are  a  function 
of  the  total  amount  of  plastic  defonnation.  These  orientations  were  subsequently  shown 
to  be  part  of  a  shear  texture  that  had  developed  throughout  the  bulk  of  the  material.  As 
the  amount  of  plastic  strain  was  increased  using  ECAP,  the  widths  of  the  bands  were  seen 
to  decrease  until  the  resulting  microstructure  was  one  in  which  ‘clusters’  of  grains  of 
similar  orientation  had  replaced  the  ‘bands’.  This  refinement  of  the  microstructure  is 
apparently  a  function  of  processing  route  and  total  amount  of  plastic  deformation.  The 
resulting  microstructure  and  microtexture  showed  evidence  of  grain  refinement  while 
maintaining  aspects  of  a  deformation  induced  microstructure,  namely  a  large  population 
of  low-angle  boundaries  and  a  distinct  shear  texture.  Again,  with  controlled  annealing 
treatments,  the  high-angle  interfaces  and  sub-structure  may  be  converted  into  a 
microstructure  containing  high- angle  grain  boundaries. 


C.  PROPOSED  DEFORMATION  BANDING  MODEL 

The  analyses  of  Hirsch  and  Lucke  [Ref.  9.1],  McNelley  et  al.  [Ref.  9.2]  and 
Perez-Prado  et  al.  [Ref.  9.3]  will  be  incorporated  into  a  qualitative  model  describing  the 
role  of  defonnation  banding  in  microstructure  evolution.  Briefly,  these  authors  all 
describe  texture  development  during  large-strain  deformation  by  rolling.  The  straining 
results  in  lattice  rotation  toward  stable  end  orientations.  For  the  materials  in  the  study  by 
McNelley  et  al.  [Ref  9.2]  and  Perez-Prado  et  al.  [Ref.  9.3],  each  variant  in  a  B  or  C 
texture  variant  component  has  four  slip  systems  with  equivalent  Schmid  factors  during 
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plane-strain  deformation  under  a  Tucker-type  stress  state  (crd,rd  =  -<5nd,nd)  [Ref.  9.1]. 
The  Schmid  factors  for  the  B  and  C  texture  components  have  been  previously  analyzed 
and  summarized  [Refs.  9.2  and  9.3].  A  similar  analysis  could  be  extended  to  the  S 
texture  variants  along  with  all  variants  along  the  P  fibers  formed  during  plane  strain 
deformation.  The  slip  systems  in  all  variants  having  equivalent  Schmid  factors  occur  in 
conjugate  pairs  for  a  state  of  plane  strain.  The  incremental  strain,  ck,  may  be  calculated 
separately  for  each  of  the  variants  in  tensor  fonn  assuming  an  identical  incremental  shear, 
dy,  on  each  of  these  slip  systems  as  was  done  for  the  C  texture  variants  by  Perez -Prado  et 
al.  [Ref.  9.4]  and  is  presented  in  Equations  9.1  and  9.2  for  the  those  texture  variants. 
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Where  Ci  and  C2  refer  to  the  texture  variants.  Individually,  each  variant  experiences 
plane  strain  deformation  with  an  additional  shear  term,  Srd.nd  in  the  strain.  The  texture 
variants  were  shown  to  occur  in  an  alternating  manner.  For  such  an  arrangement, 
averaging  of  the  incremental  strains  over  a  region  comprising  equal  volumes  of  each 
orientation,  would  result  in  the  overall  incremental  strain  for  the  C  component,  df”6 ,  and 
is  represented  for  the  C  texture  variants  only  in  Equation  9.3  for  plane  strain  deformation. 

"1.088  0  0 

dy  0  0  0  Equation  9.3 

0  0  -  1.088, 


Such  an  analysis  may  be  extended  to  a  generalized  state  of  plane  strain  and  can  be 
represented  by  Equation  9.4  to  detennine  the  average  total  incremental  strain,  d£ 


ave 

Total  ’ 


over  a  volume  of  material  containing  several  orientations.  The  subscript  i  would  be 
assigned  a  value  from  1  to  N,  corresponding  to  a  particular  texture  variant  found  along 

the  P  fiber  (i.e.  B  orientation  (1 1 0)[  1 12]  i=  1,  B  orientation  (01 1)[2 1 1]  i= 2,  etc.),  F,  is  the 
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volume  fraction  of  the  ith  component,  y  is  the  incremental  shear  strain  and  SF,  is  the 
tensor  representation  of  the  Schmid  Factor  for  the  ith  component.  This  type  of 
arrangement  would  allow  individual  bands  corresponding  to  a  single  orientation 
component  to  deform  with  at  most  four  active  slip  systems.  An  averaging  over  the  entire 
volume,  thus  allowing  the  entire  banded  structure  to  deform  in  plane  strain,  would 
accommodate  the  residual  shear  term  present  in  each  individual  orientation. 

Total  =  X  V A £PC  Equation  9.4 

1= 1 

Such  an  arrangement  is  essentially  that  predicted  by  defonnation  banding  models 
and  has  long  been  recognized  [Refs.  9. 5-9. 7].  Due  to  the  relaxation  of  constraints  in 
individual  bands,  a  banded  structure  is  able  to  deform  compatibly  with  the  activation  of 
less  than  five  slip  systems  in  each  band  [Refs.  9.8-9.10]. 

A  further  extension  of  this  analysis  to  a  general  state  of  imposed  strain  is  possible 
through  the  following  approach  in  which  dislocation  build-up  and  lattice  curvature  may 
be  included.  At  the  onset  of  deformation,  dislocations  will  form  in  each  grain. 
Dislocations  of  like  sign  will  arrange  into  low-energy  configurations  (low-angle  tilt 
boundaries).  Other  dislocations  may  become  part  of  large  dislocation  tangles.  Within 
each  grain,  regions  of  similar  orientation,  separated  by  low-angle  boundaries,  form  in 
band-like  features  with  orientations  related  to  the  local  stress-strain  state,  as  illustrated  in 
the  schematic  of  Figure  9.1(a).  These  bands  can  then  defonn  with  fewer  active  slip 
systems  active  than  required  by  the  Taylor  model  [Ref.  9.11].  The  network  of  dislocation 
tangles  would  accommodate  the  local  reorientations  within  each  band,  as  needed  to 
average  out  the  residual  shear  term  in  each  band.  It  is  suggested  that  the  lattice 
orientation  change  from  one  band  to  the  next  is  accommodated  by  dislocation  structures 
that  constitute  the  interface.  Furthermore,  the  alternating  character  of  the  lattice 
orientation  suggests  that  the  dislocation  structures  themselves  have  alternating  senses  of 
rotation,  that  is,  they  are  correlated.  The  interfaces  between  the  evolving  band  features 
would  then  become  the  high-angle  interfaces  by  incorporating  new  dislocations  generated 
during  continued  deformation.  Based  upon  the  type  of  imposed  deformation  (plane 
strain,  uniaxial  tension,  shear,  etc.),  the  banded  structure  will  thereby  continue  to  evolve 
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as  a  function  of  the  imposed  plastic  deformation.  Continued  plastic  defonnation  may 
also  result  in  the  further  reduction  of  the  average  width  of  the  bands,  defined  as  the 
distance  between  high  angle  interfaces,  or  in  the  creation  of  new  bands  within  preexisting 
bands. 

Rolling  reduction  would  result  in  the  rotation  and  alignment  of  the  bands  with  the 
RD  and  ultimately  producing  long,  ribbon-like  structures  containing  low-angle 
boundaries  and  separated  by  high-angle  boundaries.  The  dislocations  would  continue  to 


Figure  9.1.  Schematic  representation  of  deformation  banding  occurring  during 
deformation.  In  (a),  the  prior  grain  boundaries  are  evident  along  with  the  high-angle 
interfaces  separating  the  bands  and  the  low-angle  boundaries  within  each  band,  all 
formed  during  the  early  stages  of  processing.  In  (b),  the  band  alignment  in  one 
direction  results  from  each  band  orienting  to  deform  with  a  minimum  of  active  slip 
systems.  The  prior  grain  boundaries  are  indistinguishable  from  the  high-angle 
interfaces  formed  during  deformation.  Also  present,  though  not  shown  schematically, 
would  be  the  presence  of  low-angle  boundaries  within  each  band.  In  (c),  varying 
strain  paths  cause  local  variations  of  stress  and  strain  resulting  in  the  formation  of 
high-angle  interfaces  within  each  band.  Also  implied  are  the  low-angle  boundaries 
within  each  band  but  not  depicted  here. 
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form  and  contribute  to  lattice  rotation  toward  an  end  orientation  capable  of  supporting  the 
imposed  deformation  with  a  minimum  number  of  slip  systems  active  in  each  band,  i.e. 
orientations  along  the  |i  fibers.  The  prior  grain  boundaries  would  also  align  with  the  RD 
and  become  indistinguishable  from  the  high-angle  interfaces  created  through  the 
dislocation  mechanism  previously  described.  This  is  illustrated  schematically  in  Figure 
9.1(b). 

More  complex  stress-strain  states  resulting  from  various  defonnation  paths  may 
result  in  the  formation  of  new  bands  to  accommodate  the  more  complex  deformation 
imposed.  ECAP,  for  example,  imposes  a  new  strain  state,  with  respect  to  the  reference 
global  axis  system,  for  each  follow-on  pressing  operation  during  repetitive  pressing.  Due 
to  the  new  imposed  macroscopic  state  of  strain,  the  prior  defonnation  bands  are  unable  to 
deform  with  a  minimum  number  of  slip  systems  possible.  The  formation  and 
accumulation  of  dislocations,  within  each  prior  band,  will  result  in  another  band  structure 
on  a  finer  scale.  Again,  the  prior  grain  boundaries  would  become  indistinguishable  from 
the  high-angle  interfaces  formed  during  defonnation.  This  is  represented  schematically 
in  Figure  9.1(c).  An  advantage  of  this  complex  deformation  condition  is  the  ‘cutting’  of 
prior  bands  with  each  subsequent  pressing  operation.  This  will  result  in  retention  of 
some  of  the  high-angle  interfaces  from  previous  defonnation,  and  the  fonnation  of  new 
high-angle  interfaces  to  accommodate  the  local  stress-strain  state  in  each  band. 

Addition  of  alloying  elements  and  the  formation  of  second  phase  particles  may 
also  be  a  factor  affecting  the  size  and  orientation  of  each  band.  The  rolled  Supral  2004 
and  Al-5%Ca-5%Zn  materials  exhibited  different  single  component  textures  with  second 
phase  particles  near  the  high-angle  interfaces.  The  addition  of  Mg  and  Sc  to  material 
subjected  to  ECAP  resulted  in  an  extremely  refined  microstructure  after  eight  pressing 
operations.  This  material  was  of  the  same  grain  size  after  a  brief  anneal  as  compared  to 
the  pure  aluminum  processed  through  twelve  ECAP  passes. 
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D.  CONCLUSIONS 

The  following  conclusions  can  be  made  regarding  this  research: 

1 .  Defonnation  banding  has  been  demonstrated  in  several  fee  metals  and  alloys. 
The  deformation  bands  fonn  as  the  result  of  thennomechanical  processing  and  are  not  the 
result  of  microstructural  and  microtextural  changes  occurring  during  to  post-processing 
annealing.  With  proper  control,  the  deformation  bands  and  the  associated  high-angle 
interfaces  can,  through  recovery  dominated  mechanisms,  evolve  into  high-angle  grain 
boundaries.  It  is  possible  that  grains  of  nanometer  scale  may  be  produced  if  the 
defonnation  bands  can  be  reduced  to  nanometer  thickness.  These  boundaries  will  then  be 
able  to  support  continued  defonnation  and  enhance  the  mechanical  properties  of  the 
material. 

2.  The  deformation  bands  are  influenced  by  alloy  constitution.  Solutes  in  solution 
as  well  as  second-phase  particles  influence  the  bands  and  the  scale  at  which  bands  fonn 
in  the  material.  Alloying  also  affects  the  specific  prefened  orientations  that  are 
associated  with  the  bands.  However,  all  bands  modeled  in  plane  strain  were  found  to  be 
stable  during  continued  deformation. 

3.  Grain  refinement  as  a  result  of  severe  plastic  deformation  via  deformation 
banding  is  possible,  with  the  retention  of  characteristics  of  deformation  induced 
microstructures.  The  strain  path  followed  by  a  material  greatly  influences  the  amount  of 
grain  refinement  possible  with  respect  to  the  formation  and  alignment  of  the  high-angle 
interfaces. 

4.  The  modeling  of  plastic  deformation  must  incorporate  deformation  banding  in 
order  to  bridge  the  gap  between  the  atomistic  and  macro-scale  models  currently  in  use 
and,  potentially,  to  provide  the  capability  to  accurately  predict  the  grain  refinement 
capability  of  innovative  plastic  deformation  processes. 
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E.  RECOMMENDATIONS  FOR  FURTHER  STUDY 

The  following  are  some  recommended  areas  of  further  research  to  be  conducted 
regarding  deformation  banding  and  its  role  in  the  formation  and  retention  of  high-angle 
grain  boundaries. 

1.  The  effects  of  specific  alloying  elements  on  deformation  band  widths  and 
continuity  require  further  evaluation. 

2.  Lattice  curvature  from  dislocation-dislocation  interactions  requires  further 
evaluation. 

3.  The  viability  of  a  meso-scale  plasticity  model  through  the  incorporation  of 
finite  element  techniques  should  be  evaluated. 
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